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ABSTRACT 
In a yeast genome-wide microarray analysis, two Saccharomyces cerevisiae open 
reading frames YFL061w and YNL335w displayed the highest fold levels of induction 
after methyl methanesulfonate (MMS) treatment, a typical DNA damaging agent. Hence 
the genes were named as DNA damage inducible genes 2 and 3 (DDI2 and DDI3). DDI2 
and DDI3 share identical DNA sequences in their coding regions and promoters (except 
for one nucleotide). Their deduced protein product Ddi2/3 is 36% identical to an 
identified cyanamide hydratase (EC 4.2.1.69) from a soil fungus Myrothecium verrucaria. 
The enzyme catalyzes cyanamide hydration to urea. Hence Ddi2/3 likely has the same 
enzymatic activity. To study the encoded protein, the DDI2/3 open reading frame was 
cloned into a bacterial expression system, and the resulting recombinant protein was 
purified for biochemical analysis. The cyanamide hydratase activity of Ddi2/3 was 
measured by using an enzyme-based urea detection assay. The kinetic study showed that 
Ddi2/3 has a KM of 17 mM for cyanamide, and kcat is 9.8 ± 0.1 S
-1
. The cyanamide 
hydratase activity of endogenous Ddi2/3 was also detected by using yeast whole cell 
extracts (WCEs). 
The cyanamide hydratase domain belongs to the Histidine–Aspartate (HD) 
domain superfamily. Double mutations in conserved His88 and Asp89 residues abolished 
the enzymatic activity, suggesting that the conserved HD residues contribute to the 
cyanamide hydratase activity of Ddi2/3. 
To identify whether DDI2/3 can be induced by cyanamide, the DDI2/3 promoter 
was fused to lacZ as a reporter gene, and the β-galactosidase assay demonstrated that 
DDI2/3-lacZ can be activated by both MMS and cyanamide, and the optimal fold 
III 
 
induction by cyanamide was even higher than by MMS. Interestingly, the basal level 
expression of DDI2/3-lacZ was extremely low, and yeast WCEs from untreated wild-type 
cells do not have measurable cyanamide hydratase activity. 
To investigate the physiological function of DDI2/3, we constructed yeast ddi2/3Δ 
single and double null mutant strains by sequential targeted one-step gene disruption via 
homologous recombination. Disruption of DDI2/3 genes enhanced cellular sensitivity to 
both MMS and cyanamide by up to 1,000-fold. Furthermore, WCEs from the ddi2/3∆ 
single mutant had reduced cyanamide hydratase activity, while that from the ddi2Δ ddi3∆ 
double mutant had no detectable cyanamide hydratase activity. Since the induction of 
DDI2/3-lacZ by cyanamide and MMS was not compromised in the ddi2/3∆ strains, the 
DDI2/3 gene is not required for its transcriptional regulation. 
Since no structural study with a cyanamide hydratase domain has been reported, 
we undertook crystallographic studies on Ddi2/3. After protein crystallization, X-ray 
diffraction, and data interpretation, Ddi2/3 was revealed as a zinc-binding protein and 
composed of 14 helices A zinc anion is coordinated to three conserved HD residues, H55, 
H88 and D89, and a water molecule, forming a tetrahedral geometry. To further 
investigate the active site, several amino acid substitutions were made, and enzymatic 
assays revealed that H137, Q138, T157, and N161 are required for the activity. 
HD domain represents a superfamily of metal-dependent phosphohydrolases and 
characterized members are involved in nucleotide metabolism and signal transduction. 
However, CAH has been reported as an exception. Hence, the study on Ddi2/3 will 
enrich our knowledge of the variation of HD domain proteins, and has identified a unique 
subfamily within the HD domain family.  
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CHAPTER 1 INTRODUCTION 
 
1.1.  Cyanamide  
1.1.1.  Distribution of Cyanamide in Nature and the Natural Synthesis of 
Cyanamide 
Cyanamide, H2N-C≡N, (Mr 42.04) was obtained in 1838 by passing gaseous 
ammonia over cyanogen chloride. Presently, cyanamide is manufactured from calcium 
cyanamide (CaNCN) by continuous carbonation in an aqueous medium (May, 1967). 
Cyanamide is a weak acid that is highly soluble in water. It is entirely soluble at 43℃ and 
has a minimum solubility at -15°C. It is highly soluble in polar organic solvents including 
alcohols, esters, nitriles, and amides, but less soluble in nonpolar solvents like saturated 
or aromatic hydrocarbons. Cyanamide exists in two tautomeric forms: nitrile form (H2N-
C≡N) and carbodiimide form (HN=C=NH) that cannot be isolated in pure form. 
Spectroscopic evidence and reactivity clearly show that the nitrile form predominates by 
far (Güthner and Mertschenk, 2000).  
This chemical was likely present in abundance due to the environment conditions 
in prebiological time (Schimpl et al., 1965). Moreover, it has been proposed that 
cyanamide is involved in chemical evolution (Steinman et al., 1964). It is hypothesized 
that, at an early stage in the origin of life, an informational polymer must have arisen by 
purely chemical means. According to the 'RNA world' hypothesis, this polymer was RNA, 
and it is hypothesized that 'activated' ribonucleotides can polymerize to form RNA 
(Powner et al., 2009). However, it is far from obvious how such ribonucleotides could 
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have formed from their constituent parts (ribose and nucleobases). Reported studies 
showed that activated pyrimidine ribonucleotides could be formed by using materials 
including cyanamide, cyanoacetylene, glycolaldehyde, glyceraldehyde and inorganic 
phosphate. Moreover, the conditions of the synthesis were consistent with potential early-
Earth geochemical models (Powner et al., 2009). 
Cyanamide has long been recognized as a synthetic compound, but recently 
Japanese researchers found cyanamide to be a natural product from several leguminous 
plants. Kamo and his colleagues firstly isolated cyanamide from Vicia villosa as a plant 
growth inhibitor (Kamo et al., 2003). Subsequently, they extracted cyanamide from 
potassium [
15
N] nitrate treated plants and analyzed 
15
N/ (
14
N + 
15
N) ratios of cyanamide. 
The isotopic ratio 
15
N/ (
14
N + 
15
N) of the cyanamide was calculated to be 0.143, and the 
isotopic ratio the cyanamide extracted from V. villosa grown in a natural nitrogen 
environment was 0.0065. Thus, it demonstrated that cyanamide can be biosynthesized de 
novo by V. villosa utilizing nitrogen from the environment (Kamo et al., 2006a). Crude 
extracts from hairy vetch leaves and stems containing 1.3 ppm of cyanamide inhibited 
radicle growth of lettuce by 40% (Kamo et al., 2006b). After investigating the 
distribution of natural cyanamide in Vicia species including V. villosa subsp. varia, V. 
cracca, and V. amoena during their pre-flowering and flowering seasons, Kamo and his 
colleagues confirmed that V. cracca is superior to V. villosa subsp. varia in accumulating 
natural cyanamide and that V. amoena is unable to biosynthesize this compound under 
the laboratory conditions examined. The presence of cyanamide in the leaves of V. villosa 
subsp. varia seedlings were also clarified. In a screen for plants producing cyanamide, 
only Robinia pseudo-acacia was found to contain cyanamide among 452 species of 
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higher plants. After investigating 553 species to date, researchers found that only three 
species, V villosa subsp. varia, V. cracca and R. pseudo-acacia can biosynthesize 
cyanamide (Kamo et al., 2008). The same group continued investigating the material and 
synthesis mechanism of cyanamide by V. villosa subsp. Varia. The incorporation of 
15
N 
from [
15
N] nitrate and [
15
N] ammonium into cyanamide using shoots of V. villosa subsp. 
varia was demonstrated. [
15
N2] cyanamide was applied to shoots of V. villosa subsp. 
varia to monitor the turnover of cyanamide de novo; [
15
N2] cyanamide was detected in 
the leaves within four hours, and it was present without detectable degradation for more 
than four days. In contrast, maximum incorporation of 
15
N into cyanamide molecules was 
observed after four days of feeding the shoots with 
15
N-labeled inorganic ions and l-
[amide-
15
N]-glutamine, indicating that these nitrogenous compounds are distant 
precursors of cyanamide (Kamo et al., 2009). To investigate the carbon source of 
synthesized cyanamide, the 
13
C labels of [
13
C]carbon dioxide and D-[
13
C6] glucose were 
incorporated into cyanamide (NH2CN) when they were administered to V. villosa subsp. 
varia shoots, indicating that the carbon atom of cyanamide is derived from any of the 
carbohydrates present upstream of pyruvate during the metabolism (Kamo et al., 2010). 
These researchers noticed that the distribution of L-canavanine in the plant kingdom 
appeared to overlay that of cyanamide, and they noticed that the guanidino group 
structure in L-canavanine contained the cyanamide skeleton. The latest research progress 
of Kamo group suggested that cyanamide is biosynthesized from L-canavanine. Their 
experiments showed that the addition of L-[guanidineimino-
15
N2] canavanine to young 
Vicia villosa seedlings resulted in the significant incorporation of 
15
N-label into 
cyanamide, verifying its presumed biosynthetic pathway (Kamo et al., 2015). 
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Cyanamide (H2N-C≡N) can be regarded as the amide of a cyanic acid (HO-CN), 
or as the nitrile of carbamic acid (H2N-COOH). The bifunctional molecule is capable of 
reacting as a nucleophile at the amino group or as an electrophile at the cyano group. 
Many reactions with polyfunctional compounds involve both reactive sites, thus forming 
heterocyclic structures. One of the most important reactions of cyanamide is dimerization 
to cyanoguanidine (dicyanamide). Unless kept cool and stabilized by weak acids, 
crystalline cyanamide may polymerize violently. In aqueous solution, cyanamide has the 
highest stability between pH 4.0 and pH 4.5; polymerization becomes significant when 
the pH value is above 5, with maximum reactivity between pH 8 and pH 10. Cyanamide 
reacts with water; the hydrolysis (hydration) of cyanamide to urea is catalyzed by acids. 
Cyanamide also reacts with amino acids; it adds to amino acids to form 
carboxyalkylguanidines (Young and Luce, 1967). The conversion of glycine to 
glycocyamine was initially reported in 1952 (Güthner and Mertschenk, 2000). 
 
1.1.2. Cyanamide Is Widely Used In Agriculture and the Pharmaceutical Industry 
Cyanamide is the aqueous formation of calcium cyanide [Ca(CN2)], which is used 
as nitrogen fertilizer in agriculture. Cyanamide can be naturally degraded to urea 
((NH2)2CO), a functional ingredient in nitrogen fertilizer, via hydrating water molecules 
in the air. Urea will be further broken down to ammonia (NH3) and carbon dioxide (CO2). 
Thus, cyanamide is an environmentally “clean” fertilizer. For other applications in 
agriculture, cyanamide is found as a key raw material in herbicides, such as Amitrol and 
Hexazinone (Fuchs. and Wommak, 1974), fungicides, and pesticides. And it is also used 
to synthesize the pyrimidine or 1,3,5-triazine subunit for a board range of sulfonylurea 
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herbicides like bensulfuron methyl (Güthner and Mertschenk, 2000; Levitt and Petersen, 
1983; Sauers, 1983). It is reported that cyanamide inhibits the growth of tomato root by 
affecting cell division, disturbing phytohormone balance and expansin gene expression 
(Soltys et al., 2012). It is also used as plant growth regulator and bud breaking agent 
(Dormex
®
) used in mild winter to improve the bud break of grapes and other fruit crops 
(Nee and Fuchigami, 1992; Shulman et al., 1983). In the pharmaceutical industry, 
cyanamide is the key raw material for the anti-ulcer drug Cimetidine (Durant et al., 1975). 
The majority of antiviral and anticancer drugs with pyrimidine or purine structures are 
based on cyanamide and guanidine chemistry (Güthner and Mertschenk, 2000). Moreover, 
cyanamide is also reported as an important compound in the synthesis of guanidine 
derivatives (Katla et al., 2013). 
 
1.1.3. Cyanamide Is an Inhibitor to Aldehyde Dehydrogenase (ALDH) and Carbonic 
Anhydrase (CA) 
Cyanamide is taken as a medication to treat alcoholic patients because its 
metabolized intermediate can inhibit aldehyde dehydrogenase (ALDH) and thus 
interferes with the oxidation of ethanol to acetate (DeMaster et al., 1984). DeMaster and 
his colleagues later discovered that the mitochondrial enzyme catalase mediated the 
oxidation of cyanamide. The catalysis results in the formation of nitroxyl (HNO) and 
cyanide (HCN); the generated HNO interacts with and inhibits the active-site cysteine 
thiolate in ALDH. (DeMaster et al., 1998). Besides ALDH, HNO also inhibits other 
thiol-containing enzymes such as yeast transcription factor Ace1, Cathepsin P, 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and mitochondrial respiratory 
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complex I and II (Paolocci et al., 2007). Cyanamide is only clinically approved HNO 
donor to date for its minimal toxicity with no carcinogenic effect (Irvine et al., 2008). 
Cyanamide is also identified as an inhibitor of carbonic anhydrase II (CAII), but 
by a different mechanism. Carbonic anhydrases (CAs) are zinc metalloenzymes vital for 
living cells because they catalyze the conversion of CO2 and carbonic acid to maintain 
the physiological pH for cellular events, and to help transport carbon dioxide out of 
tissues (McCall et al., 2000). Cyanamide has a linear triatomic molecule, like CO2. 
Therefore, it mimics the CO2 binding to the active sites of CAII (Briganti et al., 1999), 
though later studies revealed that the two substrates have different binding modes at the 
active site (Guerri et al., 2000). After hydration, cyanamide is converted to urea; however, 
 
 
Figure 1–1. Structural model of urea bound to human CAII (hCAII) based on the 
crystallographic study.  
 
The deprotonated ureate nitrogen is coordinated to the catalytic Zinc ion, a total of 8 
hydrogen bonds fix the molecule within the active site. PDB ID: 1BV3. Zinc ion (gray) 
and water molecules (red) are shown as spheres. Metal coordination is shown as yellow 
dashes; hydrogen bond is represented as black dashes. The side chains of residues are 
colored by elements: oxygen, red, nitrogen, blue.    
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it forms eight hydrogen bonds with the zinc and the surrounding threonine residues as 
shown in Figure 1–1. Therefore, the ureate cannot be released from the active site, which 
results in the “death” of the enzyme. Cyanamide is the first reported suicide inhibitor of 
CAs (Alterio et al., 2012). 
Cyanamide has a mild toxicity with an acute oral LD50 (rat) at 125 mg/kg. When 
applied dermally to rabbits, the LD50 was found to be 848 mg/kg. Cyanamide solid or 50% 
aqueous solution has distinct irritating properties to the skin and eyes and is regarded as 
sensitizing in the guinea pig by using the Magnusson–Kligman method (Magnusson and 
Kligman, 1969). Moreover, cyanamide did not display any mutagenic effects in several 
assays such as Ames test (Güthner and Mertschenk, 2000). 
 
1.1.4. Degradation of Cyanamide by Microorganisms 
Since cyanamide is produced by limited species of plants as a chemical defense to 
fungi and weeds, it is not surprising that some microorganisms, especially those living in 
soil, have developed a cyanamide biodegradation pathway for their survival. 
Biodegradation of cyanamide in microorganisms is via hydrolysis by cyanamide 
hydratase (EC 4.2.1.69), which was initially identified from soil fungus M. verrucaria 
(MvCah) that specifically catalyzes the formation of urea from cyanamide but not with 
other organic nitriles. The Cah was recognized as a zinc binding protein, and it formed a 
homo-hexamer as a functional enzyme. Moreover, the protein expression was induced by 
cyanamide. Identified KM of Cah was 27 mM (Maiergreiner et al., 1991).  
Cyanamide is toxic to plant cells, and plants apparently do not contain a 
homologous CAH gene, according to a search using Basic Local Alignment Search Tool 
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(BLAST) (Altschul et al., 1990). Due to the detoxification capability of Cah, the gene 
CAH was used as a selectable marker for transformation of Arabidopsis, potato, rice and 
tomato as well as wheat (Weeks, 2001; Weeks et al., 2000). Zhang et al. reported using 
the CAH gene as a selective marker in transgenic soybean. After transformation, the 
transgenic plants expressed CAH mRNA, and a cyanamide hydratase activity was present 
in extracts of leaves and embryogenic tissue cultures when measured by a colorimetric-
based enzymatic assay. The presence of Cah protein was identified by enzyme-linked 
immunosorbent assay (ELISA), and the whole plant displayed cyanamide resistance. 
However, the transgenic plants grew and set seeds normally, indicating that the Cah 
enzyme activity did not affect soybean metabolism (Zhang et al., 2005). 
 
1.1.5. Biodegradation of Nitriles 
Cyanamide is a nitrile, a class of compounds distributed widely in the 
environment, and most of them are toxic to higher eukaryotes. Naturally existing nitriles 
are primarily synthesized by plants as hormones required for growth, or as a chemical 
defense against microorganisms. It is not surprising that organisms have developed nitrile 
biodegradation systems includes hydrolysis, oxidation, and reduction pathways. 
The enzymes perform the carbon-nitrogen (-CN) bond hydrolysis and are 
commonly grouped into a nitrilase superfamily. Nitrilases are ubiquitously present in all 
species of plant, animal, and fungi, as well as many prokaryotes, with more than 150 
known members classified into 13 branches based on structure-sequence analysis 
(Barglow et al., 2008). However, only the first branch of the nitrilases family (EC 
3.5.5.1), found exclusively in bacteria, directly hydrolyzes nitriles (R-CN) to the 
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corresponding acids (R-COOH) and ammonia (NH3), the others of the nitrilases 
superfamily are performing as amidases (Pace and Brenner, 2001). The members of 
nitrilases superfamily are nitrile-inducible enzymes composed of one or two types of 
subunits of different size and numbers, but they all share a common CN hydrolase 
domain. All nitrilases appear to share a common catalytic mechanism that involves a 
conserved catalytic triad (Glu-Lys-Cys) including a cysteine nucleophile, a glutamate 
base, and a lysine residue, as shown in Figure 1–2. Mutation of any of these three 
residues results in an inactive enzyme (Brenner, 2002). Identified nitrilases do not contain 
a metal co-factor (Banerjee et al., 2002).  
 
 
 
 
Figure 1–2. Structure model of the active site of NitFhit. 
 
The active site of NitFhit from Caenorhabditis elegans (PDB ID: 1EMS). NitFhit protein 
consists of the branch 10 of nitrilases superfamily. All nitrilases proteins contain a 
catalytic triad of residues (Glu-Lys-Cys) which is essential for the function of its active 
site. The side chains of residues were colored by elements: oxygen: blue. Reproduced 
from (Brenner, 2002) by using Pymol (Schrodinger, 2015).  
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The catalytic properties were investigated by several groups; a proposed 
catalyzing model (Figure 1–3) is that the nitrile carbon bears a positive charge and is 
subjected to nucleophilic attack, by the -SH group of cysteine at the active site in 
nitrilases. The intermediate is further hydrolyzed to the corresponding ketone while 
releasing NH3 as a by-product. The acyl-enzyme is then hydrolyzed by the addition of 
H2O, and finally liberated the carbonhydroxylic acid along with the regenerated enzyme 
(Thimann and Mahadevan, 1964).  
 
 
 
 
 
 
Figure 1–3. The proposed mechanism of nitrilases-mediated bio-catalysis. 
 
Nitrile carbon was subjected to nucleophilic attack, by an SH group on the nitrilases. The 
resulting intermediate was then hydrolyzed to the corresponding ketone while releasing 
an NH3 molecule. Acyl-enzyme was then hydrolyzed by a second H2O molecule, and 
finally liberated the carboxylic acid along with the regenerated enzyme. Adopted from 
(Pace and Brenner, 2001) .  
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In nature, nitrilase enzymes are widely expressed in plants, animals, fungi and 
certain prokaryotes (Gong et al., 2012; Heinemann et al., 2003; Petříčková et al., 2011; 
Vorwerk et al., 2001). The majority of the studied nitrilases were obtained from bacteria, 
fungi and plants, by doing screens with media containing nitriles as nitrogen sources 
(Martinkova et al., 2008; O'Reilly and Turner, 2003), or through direct cloning and 
expression. Based on the substrate specificity, nitrilases from different organisms are 
classified into three broad categories, namely aromatic nitrilases, aliphatic nitrilases and 
arylacetonitrilase (Kobayashi and Shimizu, 1994). Although the physiological role of 
nitrilases is still unclear, several diverse roles were reported. Hsu and Camper discovered 
that nitrilases from Fusarium solani, a filamentous fungus, was able to break down the 
herbicides 3,5-dibromo-4-hydroxybenzonitrile (bromoxynil) and 3,5-diiodo-4-
hydroxybenzonitrile (ioxynil) (Hsu and Camper, 1979). Besides detoxification, one strain 
of Fusarium solani was found to be able to use benzonitrile as the sole source of carbon 
and nitrogen (Harper, 1977). In plants, the nitrilases were reported being involved in the 
synthesis of indole acetic acid (Bartel and Fink, 1994; Bartling et al., 1992). Thimann and 
Mahadevan firstly reported in 1964 that the nitrilases hydrolyzing indole-3-acetonitile 
(IAN) to indole-3-acetic acid (IAA), also known as auxin, one of plant hormones/plant 
growth substances (Thimann and Mahadevan, 1964). Recent studies on plant nitrilases 
verified their cyanide detoxification function (Piotrowski et al., 2001). Over 3,000 plant 
species are cyanogenic, indicating that their hydroxynitrile lyase catalyzed the production 
of a cyanide group in the form of HCN, and the formation of corresponding aldehyde or 
ketone. When a plant is attacked, it releases HCN as a self-defense mechanism (Kassim 
and Rumbold, 2014). Cyanide is highly toxic; therefore, cyanide detoxification is 
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necessary for plant growth. Nitrilases were also reported participating in the degradation 
of glucosinolates (Bestwick et al., 1993), a typical secondary metabolite of almost all 
plants of Brassicales, such as mustard, cabbage, and horseradish (Agerbirk and Olsen, 
2012). A family of nitrilases discovered in these glucosinolate-containing plants 
displayed rather broad substrate specificities and were able to hydrolyze nitriles that 
come from the degradation of glucosinolates (Janowitz et al., 2009). In industry, 
nitrilases can be used as catalysts to convert nitriles directly into corresponding acids and 
ammonia. The enzymes display high specificity and frequent enantioselectivity, and that 
makes them excellent biocatalysts for the production of fine chemicals and 
pharmaceutical intermediates (Thuku et al., 2009). The nitrilases are also used in the 
herbicide degradation and the detoxification of industrial waste (Banerjee et al., 2002). 
These enzymes function in aqueous solutions at moderate temperatures and pH, 
minimizing the costs of chemical processes and the negative impact of industry on the 
environment (Brady et al., 2006; Singh et al., 2006). 
Nitrile hydratase (NHase, EC 4.2.1.84) family is another enzyme family which 
directly hydrolyze the CN bond. NHase catalyzes the formation of amides (R-CONH2) 
from the nitriles (R-CN), following the further hydrolysis by amidase to the 
corresponding acids (R-COOH) and ammonia (NH3). Nitriles are firstly converted to 
corresponding amides and then further hydrolyzed to corresponding acids by amidase. 
NHases are composed of equal molar of two subunits (named α and β subunits). NHases 
are metalloenzymes containing either cobalt or iron; hence the NHase are classified into 
two groups: ferrite NHase (Fe-NHase) and cobalt NHase (Co-NHase). 
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Ferrite NHases have a non-heme iron atom at the catalytic center and are 
characterized by their grayish green colors. Structural studies on Fe-NHase from 
Rhodococcus sp. N771 has shown that the iron (III) center is located at the interface of 
two subunits. As illustrated in Figure 1–4A, the sulfur atoms from three cysteine residues 
in the α subunit (αCys109, αCys112, and αCys114) and two amide nitrogen atoms of the 
main chain in αSer113 and αCys114 form ligands with iron (III) center on five vertices of 
an octahedron. The sixth position is occupied by an endogenous NO molecule.  
 
 
 
 
Figure 1–4. The structure of the active centers of Fe-type NHase in the inactive state 
and the active centers of Co-type NHase. 
 
A. The structure of the active centers of Fe-type NHase in the inactive state (PDB 
ID: 2AHJ) from Rhodococcus sp. N771. B. The structure of the active centers of Co-type 
NHase (PDB ID: 3VYH) from Pseudonocardia thermophilla. The Fe
3+
 ion (orange), 
Co
3+
 ion (salmon), and water (red) are represented as spheres. The coordination of metal 
ions is presented as yellow dashes. The side chains of residues are colored by element, 
oxygen, red; nitrogen, blue; carbon; green.  
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The presence of the NO molecules blocks the access to solvent and prevents 
substrate-binding. Thus, the NHase is in an inactive state. After exposure to light, light 
stimulation causes the release of NO the molecule, and thus the activities of NHases are 
restored (Endo et al., 2001; Mascharak, 2002). 
Cobalt NHases have a non-corrinoid cobalt atom at the catalytic center. The 
coordination of cobalt center is almost the same with that in ferrite NHase (Figure 1–4B). 
Studies one of the NHase from P. thermophila shows that ligands to the cobalt atoms 
include three sulfur atoms of the cysteine residues (αCys108, αCys111, and αCys113) 
and two amide nitrogen atoms (αSer112 and αCys113), forming an octahedral 
coordination with a water hydrogen atom (Miyanaga et al., 2001).  
Although the catalyzing mechanism of NHase remains unclear, a possible 
reaction mechanism for NHase catalysis might be: (1) the metal-bond hydroxide ion 
acting as a nucleophile attacking the nitrile carbon atom when it approaches, or, (2) a 
water molecule is activated by metal-bond hydroxide ion, and it then attacks nitrile 
carbon. The intermediate finally tautomerizes to form an amide (Banerjee et al., 2002). 
The mechanism of NHase is becoming clear from multiple recent studies indicating that 
the cysteine-derived sulfenato ligand of the active site metal acts as the nucleophile in 
initially attacking the nitrile (Figure 1–5). The latest study on a cobalt-binding nitrile 
hydrates (Co-NHase) from Streptomyces rimosus further supported this proposal. Nelp 
and his colleagues used 
18
O-labeled water under single turnover conditions, combined 
with high-resolution native protein mass spectrometry, to observe the hydrolysis reaction. 
Their study showed that that the incorporation of labeled oxygen into both product and 
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protein is turnover-dependent, and that only a single oxygen is exchanged into the protein 
even after multiple reactions (Nelp et al., 2016).   
The biological function of NHases is unknown so far. However, studies showed 
that the presence of NHase enables the particular organism to utilize aliphatic, aromatic 
and heteroaromatic nitriles as the sole nitrogen source under laboratory conditions 
(Blakey et al., 1995; Layh et al., 1994). Due to their ability to hydrolyze cyano groups 
with selectively and efficiently, NHases are commonly used in the biotechnological 
industry, e.g. for the synthesis of the essential chemicals acrylamide (30,000 tons/year 
(Nagasawa and Yamada, 1995)) and nicotinamide (> 3500 tons/year (Shaw et al., 2003)). 
Also, their enzymatic activities are used to remove toxic nitriles, such as nitrile herbicides, 
during waste water treatment (Narayanasamy et al., 1990). 
 
 
 
 
 
Figure 1–5. The proposed mechanism of Co-NHase.  
 
Supported mechanism of Co-NHase in which the sulfenate oxygen acts as the primary 
nucleophile to attack the nitrile carbon. Bonds from enzyme to modified cysteine and 
amidate ligands are omitted for clarity. Adopted from (Nelp et al., 2016).  
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The majority of identified NHases were discovered from species belonging to the 
phyla Proteobacteria, Actinobacteria, Cyanobacteria and Firmicutes, which are living in 
soil (DiGeronimo and Antoine, 1976), coastal marine sediments (Langdahl et al., 1996), 
and deep sea sediments (Brandao and Bull, 2003; Layh et al., 1994) to geothermal 
environments (Pereira et al., 1998; Yamaki et al., 1997). Recently, Foerstner et al. 
described the discovery of the first eukaryotic NHase by using a large-scale screen in 
public sequence databases and metagenomics datasets (Foerstner et al., 2008). Unlike 
bacteria NHase, the two usually separated NHase subunits fused into one protein of 
Monosiga brevicollis, which is a recently sequenced unicellular model organism from 
choanoflagellate. Phylogenetic analyses and genomic context imply a possible ancient 
horizontal gene transfer (HGT) from proteobacteria (Foerstner et al., 2008). Then a 
second eukaryotic NHase was discovered in the stramenopile Aureococcus 
anophagefferens, and only the α subunit has been reported in A. anophagefferens NHase 
(Gobler et al., 2011).  
Most recent studies revealed that nitrile hydratases exist in at least five eukaryotic 
supergroups: opisthokonts, amoebozoa, archaeplastids, CCTH (haptophytes and relatives) 
and SAR (comprising the stramenopiles, rhizarians, and alveolates). The majority of 
eukaryotic NHase are encoded by α and β subunit fusion genes. However, NHases 
containing only one subunit have been identified. An individual α subunit is found in a 
dinoflagellate, and an individual β subunit is found in a haptophyte (Marron et al., 2012).  
 
17 
 
1.2. Discovery and Identification Of the HD Domain  
CAH was identified containing a cyanamide hydratase domain which belongs to 
the HD domain superfamily due to the presence of conserved histidine (H) and aspartate 
(D) residues in the motif (Aravind and Koonin, 1998). The most conserved histidine and 
aspartate residues in HD domain display a characteristic …H…HD….D… pattern. The 
doublet HD residues are the signature of an HD domain. HD domains superfamily 
represents a variety of enzymes, the majority of them exhibiting metal-dependent 
phosphohydrolase activity (Aravind and Koonin, 1998).  
Structural studies show that the conserved His and Asp residues coordinate one or 
more metals which are required for enzymatic activity (Beloglazova et al., 2011; Brownt 
et al., 2006; Singh et al., 2015; White et al., 2013; Zhang et al., 2010). By sequence 
conservation and motif architectures, HD domain proteins were classified into 17 clusters 
(Aravind and Koonin, 1998). Well-characterized members in the HD superfamily include 
bacterial dGTPase, the guanosine polyphosphate hydrolase RelA/SpoT family, and the 
cyclic-NMP phosphodiesterases (PDEs). Studies of HD proteins indicate that many 
exhibit a common function of divalent metal-dependent phosphohydrolase. Characterized 
members are involved in nucleic acid metabolism and cellular signal transduction 
(Aravind and Koonin, 1998; Kondo et al., 2004; Kondo et al., 2007; Yakunin et al., 2004) 
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1.3. Structurally Characterized HD Domain Proteins 
1.3.1. HD Domain Deoxyribonucleoside Triphosphate (dNTP) Triphosphatases 
(dNTPase) 
The dNTPase enzyme specifically hydrolyzes deoxyribonucleoside triphosphates 
(dNTPs) to deoxynucleoside and triphosphate (PPPi). Based on substrate specificity, the 
triphosphohydrolases can be divided into two broad groups. One group includes dGTPase 
from E. coli and PA1124 from Pseudomnas aeruginosa, both of which have specificity 
for dGTP. The other group includes TT1383 from Thermus thermophilus, EF1143 from 
Enterococccus faecalis, and PA3043 from P. aeruginosa, which have the ability to 
hydrolyze various dNTPs (Kondo et al., 2004; Mega et al., 2009; Seto et al., 1988; 
Vorontsov et al., 2011). 
Deoxyguanosine triphosphate triphosphohydrolase (dGTPase) (EC 3.1.5.1) was 
firstly reported from E. coli in 1958 (Kornberg et al., 1958). The enzyme encoded by dgt 
gene was purified based on its high affinity for single-stranded DNA (ssDNA). The 
protein consists of 504 amino acids, a search of sequence databases shows that genes 
encoding homologs of dGTPase widely exist among almost all eubacteria. The enzyme 
cleaves dGTP into deoxyguanosine and tripolyphosphate (PPPi) (Beauchamp and 
Richardson, 1988). Of the four dNTPs, the enzyme is highly specific for dGTP hydrolysis 
with a KM of approximately 2 µM. The enzyme can hydrolyze neither dGDP nor dGMP. 
GTP is the second best substrate of the enzyme, with a KM of about 110 µM. In the 
standard assay, the rate of GTP hydrolysis is only 3% of that of dGTP hydrolysis 
(Beauchamp and Richardson, 1988). The Mg
2+
 is required for optimal dGTPase activity, 
the presence of Mn
2+
 and Co
2+
 also allows the dGTP hydrolysis proceed at 30% and 17% 
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of the maximum rate (Huber et al., 1988; Seto et al., 1988). Deepa and his colleagues 
obtained the crystal structure of E. coli dGTPase (Dgt) bound to DNA molecules. The 
structure model revealed that the enzyme existed as a hexamer, containing two DNA 
molecules. Conserved histidine and aspartate residues, H69, H117, and D268, coordinate 
a Ni
2+ 
ion, in a model of dGTPase without DNA (Singh et al., 2015). It is noticed that the 
aspartate residue (D118) of the HD doublet does not interact with the metal ion. 
Studies on other bacterial dNTPase (TT1383, PA1124, PA3043, and EF1143) 
have revealed that the enzymes were present as a hexamer, except EF1143 existing as a 
tetramer (Kondo et al., 2007; Mega et al., 2009). The study on a complex of EF1143 with 
its substrate (dATP bound at the active site) and its activator (dGTP bound at the 
regulatory site) indicated an allosteric mechanism in which a dNTP bound at regulator 
site promoted the binding of a substrate dNTP at the catalyzing site (Vorontsov et al., 
2011). 
Sterile-Alpha Motif (SAM) domain and HD domain-containing protein 1 
(SAMHD1) is a dGTP-activated deoxynucleoside triphosphate (dNTP) 
triphosphohydrolase (dNTPase) found in humans. It is proposed that SAMHD1 is 
expressed in dendritic cells and it restricts the replication of human immunodeficiency 
virus typ1 (HIV-1) by hydrolyzing the majority of cellular dNTPs to inhibit the reverse 
transcription and viral complementary DNA (cDNA) synthesis (Goldstone et al., 2011). 
The protein has 626 amino acids and contains two domains as mentioned above. Residues 
45 to 110 consist of the SAM domain, and a region from residues 164 to 319 is 
characterized as an HD domain (White et al., 2013). 
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The human SAMHD1 protein has dNTP triphosphatase activity, specifically 
dGTP-stimulated dNTP triphosphohydrolase activity. Its binding affinity to single-
stranded DNA (ssDNA) and ssRNA has been observed (Goncalves et al., 2012; Seamon 
et al., 2015). The nuclease activity of SAMHD1 against ssRNA has been reported as in 
an exogenous phosphate-dependent manner, indicating the protein catalyze the cleavage 
of RNA via a phosphorolysis mechanism instead of a hydrolytic mechanism (Ryoo et al., 
2016). And the nuclease activity.is associated with its HD domain (Beloglazova et al., 
2013). DNA-binding is required for the oligomerization of the protein which is essential 
for its dNTPase activity (Tüngler et al., 2013; Yan et al., 2013). It hydrolyzes nucleotide 
triphosphates (NTPs) to triphosphate and a nucleoside (Goldstone et al., 2011). Besides 
being responsible for SAMHD1’s phosphohydrolase activity, the C-terminus HD domain 
is confirmed to be essential for protein to oligomerize (Goldstone et al., 2011). The 
presence of the HD domain also contributes to the inhibition of a broad range of 
retroviruses (White et al., 2013). The crystal structure of the enzyme revealed that a zinc 
ion is coordinated by two conserved histidine residues and two conserved aspartate 
residues in the HD motif (Zhu et al., 2013).  
 
1.3.2. Clustered Regularly Interspaced Short Palindromic Repeat (CRISPER)-
Associated Protein 3 (Cas3) 
Clustered regularly interspaced short palindromic repeat (CRISPER) loci are 
composed of short DNA repeat sequences separated by stretches of variable spacer 
sequence that are derived from viral and plasmid DNA. CRISPER loci are located near 
CRISPER-associated (Cas) gene that works with RNA transcribed from CRISPER loci, 
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mediating the resistance pathway. Although Cas gene clusters are diverse in number, 
sequence, and organization, CRISPER/Cas systems are grouped into three types. Cas3 is 
the defining gene in type I system, the most popular presence in living organisms. A 
typical Cas3 protein is composed of an N-terminal HD domain and a C-terminal 
superfamily two helicase domain (Beloglazova et al., 2011). The HD domain is identified 
having endonuclease activity on ssDNA. The C-terminal helicase domain is responsible 
for the unwinding of dsDNA and DNA-RNA duplex. Structural and biochemical studies 
of the HD domain of T. thermophillus Cas3 reveal that the protein functions as a metal-
dependent ssDNA nuclease, and a Ni
2+
 ion is bound at the active site of the protein 
(Mulepati and Bailey, 2011). Methanocaldococcus jannaschii expresses two Cas3 
proteins: a Cas3 HD domain protein MJ0384, and a Cas3 helicase MJ0383. Cas3 HD 
protein MJ0384 is found to have both endonuclease and exonuclease (3'-5') activities on 
ssDNAs and RNAs. The structural study on Cas3 protein MJ0384 revealed the active site 
containing two metal ions. Evidence suggests that the Cas3 HD nucleases MJ0384 works 
together with the Cas3 helicase protein (MJ0383) for complete degradations of invasive 
DNAs (Beloglazova et al., 2011). 
 
1.3.2.1. HD-GYP Domain Cyclic-Di-GMP (c-di-GMP) Phosphodiesterases (PDEs)  
Bis-(3ʹ-5ʹ)-cyclic-di-GMP (c-di-GMP) is a near ubiquitous bacterial signaling 
molecule involved in the regulation of a variety of processes including virulence, motility, 
and biofilm formation (Römling et al., 2013).  C-di-GMP is not observed being used by 
archaea, and only been found in eukaryotes in Dictyostelium (Chen and Schaap, 2012). In 
structure, c-di-GMP comprises two GMP molecules connected by 5ʹ to 3ʹ phosphodiester 
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bonds. It is synthesized from GTP by diguanylate cyclase (DGCs) (EC 2.7.7.65) 
containing GGDEF domain. It is hydrolysed to linear form 5ʹ-pGpG, by c-di-GMP 
phosphodiesterases (PDEs) (EC 3.1.4.52) containing either EAL or HD-GYP domain 
(Hengge, 2009). However, HD-GYP PDEs further hydrolyze 5ʹ-pGpG to two GMP 
molecules (Stelitano et al., 2013). The HD-GYP domain is named after the conserved 
residues in the domain, the consensus sequence of GYP motif is HHExxDGxGYP (Ryan 
and Dow, 2010). The HD-GYP motif, which constitutes a subset of HD superfamily, 
makes up more than 30% of all predicted c-di-GMP PDEs. In some phyla such as 
Thermotogae and Spirochaetes, HD-GYP PDEs are the predominant c-di-GMP PDEs 
(Römling et al., 2013). 
Andrew and his colleagues obtained the first crystal structure of HD-GYP domain 
protein Bd1817 from predatory bacterium Bdellovibrio bacteriovorus (Lovering et al., 
2011). Though purified Bd1817 was inactive, and it missed the conserved tyrosine (Tyr, 
or Y) residue in the GYP motif, the crystal structure was still instructive for showing the 
architecture of the conserved domain. The structural model revealed that the domain was 
mainly comprised of helices, and the active site of HD-GYP domain contained a non-
heme di-iron site coordinated by histidine, aspartate and glutamate residues (Lovering et 
al., 2011).  
The second structural study of HD-GYP protein was performed with PmGH, 
which was a functional c-di-GMP specialized PDE from Persephonella marina. The 
structural model revealed that PmGH presents as a dimer, and each monomer contained 
three irons forming a triangle. The mutagenesis of the eight metal-interacting residues 
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either abolished or significantly reduced the enzymatic activity, indicating that all three 
metal ions are necessary for the catalysis (Bellini et al., 2014).  
The crystal structure of a third HD-GYP protein, PA4781 from P. aeruginosa 
showed occupancy by two nickel ions, which was different from other identified HD-
GYP proteins. Moreover, PA4781 was reported to bind various divalent metals with 
similar affinities and was recognized as a pGpG-preferring PDE (Rinaldo et al., 2015).  
 
 
 
Figure 1–6. Scheme of c-di-GMP PDE activity and metal occupancy of TM0186 HD-
GYP domain. 
 
A.Scheme of c-di-GMP PDE activity. B. Metal occupancy of TM0186 HD-GYP domain. 
The left panel shows di-metal site in the TM0186 HD-GYP domain structural model. 
Right panel illustrates tri-metal site in the TM0186 HD-GYP domain structural model. 
Metal coordination is represented as red lines. The side chains of residues are colored by 
element, oxygen, red; nitrogen, blue. The metal (gray and tan) and the water molecules 
(red) are represented as spheres. Adopted from (Miner and Kurtz, 2016).  
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The most recent crystal structure of an HD-GYP protein was of c-di-GMP PDE 
TM0186 from Thermotoga maritima. The structural study showed that TM0186 can 
accommodate both di- and tri-metal active sites (Miner and Kurtz, 2016). Combined 
enzymatic assays proved that the presence of di-iron at the active site was necessary and 
sufficient to hydrolyze c-di-GMP to pGpG, but the further conversion of pGpG to GMP 
required the tri-iron active site (Figure 1–6). The study also showed that a glutamate 
residue conserved in a subset of HD-GYPs is needed for the formation of the tri-metal 
and can also serve a labile ligand to the bimetal site. In all these HD-GYP proteins, the 
residues of the HD motif provide a carboxylate bridge between two metal ions. However, 
the conserved GYP residues have not been found having direct interactions with the 
metals in any HD-GYP protein (Miner and Kurtz, 2016). 
 
1.3.3. HD Domain Oxygenase 
A special subgroup of the HD family is the di-iron oxygenases. The first 
identified member of this class was myo-insitol (MI) oxygenase (MIOX; EC 1.13.99.1),  
 
Figure 1–7. The reaction catalyzed by myo-inositol oxygenase (MIOX).  
 
MIOX is an enzyme containing a non-heme di-iron center that oxidizes myo-inositol to 
glucuronic acid Adopted from (Brown et al., 2006).  
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which catalyzes the oxidative conversion of MI to D-glucuronic acid (Brownt et al., 
2006). As shown in Figure 1–7, MIOX breaks the bond between C6 and C1 of MI to 
form a glucuronic acid (Brown et al., 2006; Moskala et al., 1981).  
Diabetes mellitus (diabetes) is a chronic disease characterized by hyperglycemia 
caused by the defective action and or secretion of insulin. Evidence shows that both type-
1 and type-2 diabetes are connected with altered inositol metabolism, especially of myo-
inositol (MI) and its epimeric form, D-chiro-inositol (DCI) (Asplin et al., 1993; Kawa et 
al., 2003; Ostlund Jr et al., 1993). The MIOX is a key regulator of inositol levels by 
catalyzing the first committed step in the glucuronate–xylulose pathway (Charalampous, 
1959; Moskala et al., 1981), the only known pathway for MI catabolism (Hankes et al., 
1969). Moreover, MIOX also acts on DCI and potentially mediates its catabolism as well 
(Arner et al., 2001). MIOX is a 33 kDa iron-containing protein exclusively expressed in 
kidney, and its amino acid sequence remains highly conserved among species (Arner et 
al., 2006). 
Brown and his colleagues presented crystal structure of mouse MIOX, in complex 
with MI (Brownt et al., 2006). The 2.0-Å resolution structural model revealed that the 
MIOX existed as monomeric, single-domain protein, with a mostly helical fold. Among 
the total 9 helices, five helices formed the structural core. Six histidine and aspartate 
residues in the HD motif provided 6 ligands for the di-iron center, in which the two iron 
atoms are bridged by a putative hydroxide ion and one of the ligands provided by an 
aspartate residue. Also, the MI substrate is found to be bound to one of the iron atoms. 
Different from other di-iron oxygenases, MIOX has a mixed-divalent di-iron pair 
Fe
2+
/Fe
3+
 involved in catalysis (Xing et al., 2006c). The proposed catalytic mechanism is 
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that Fe
III 
firstly coordinates with MI, serving as a Lewis acid to activate the substrate, 
then the other Fe
2+
 activates dioxygen to produce a superoxide-Fe
3+
/Fe
3+
 intermediate, 
which initiates the reaction by abstracting a hydrogen atom from C1 of MI (Xing et al., 
2006a; Xing et al., 2006b). 
MIOX is the first identified member of a special subgroup in HD domain 
superfamily, named as mixed-valent di-iron oxygenases (MVDO). Different from 
identified HD domain phosphohydrolases, this subgroup was identified as di-iron 
oxygenase. The second representative of this class is PhnZ discovered in marine bacteria 
that catalyzes the oxidative cleavage of a carbon-phosphorus bond (C-P bond) of 2-
amino-1-hydroxyethylphoaphonate, resulting in the formation of glycine and phosphate 
(Wörsdörfer et al., 2013). 
 
1.4. Structural Features of the HD Domain  
1.4.1. The HD Domain Is αn-Helix Bundle 
Published crystal structures of HD domain proteins in RCSB protein data bank 
(RCSB PDB, www.rcsb.org.) (Berman et al., 2000) have been listed below (Table 1-1). 
They are mainly divided into two classes respective to their enzymatic functions. The 
majority of HD domain proteins belong to the phosphohydrolase family; the rest belong 
to oxygenases. Secondary structure analysis reveals that all these proteins display a 
helical structure; helical region covers 40% to 60% of the lengths of the proteins, while β-
sheet region covers less than 10% of the proteins. These metalloenzymes prefer recruiting 
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Table 1-1. Summary of published structures of HD domain proteins 
 
Protein Function PDB 
ID 
Metal 
cofacto
r 
Percentag
e of 
helical 
region 
Percentag
e of beta-
sheet 
region 
Ref. 
 
Phosphohydrolases       
CRISPR-Cas3 (HD 
motif) 
nuclease 3SKD 
3SK9 
Ni
2+
 55% (12 
helices; 
148 
residues) 
5% (6 
strands; 
14 
residues) 
(Mulepati 
and Bailey, 
2011) 
EF1143 dNTPase 3IRH 
2O6I 
Ca
2+
 52% (33 
helices; 
253 
residues) 
10% (15 
strands; 
51 
residues) 
(Vorontsov 
et al., 2011) 
SAMHD1 
 (HD motif) 
dNTPase 3U1N Zn
2+
 43% (27 
helices; 
229 
residues) 
8% (16 
strands; 
45 
residues) 
(Goldstone 
et al., 2011) 
dGTPase dGTPase 4XDS 
4X9E 
Ni
2+
 
Mg
2+
 
61%  (25 
helices; 
313 
residues) 
1% (6 
strands; 9 
residues) 
(Singh et al., 
2015) 
YfbR 5'-deoxy-
ribonucleotidase 
2PAQ 
2PAR 
2PAU 
Co
2+
 59% (12 
helices; 
120 
residues) 
0% (2 
strands; 2 
residues) 
(Zimmerma
n et al., 
2008) 
YpgQ nucleotide 
pyrophosphohydrol
ase 
5DQV 
5DQW 
5IHY 
Ni
2+
 63% (10 
helices; 
134 
residues) 
0 % (0 
residue) 
(Jeon et al., 
2016) 
PA4781(residue 151-
368) 
c-di-GMP 
phosphodiesterase 
4R8Z di-Ni
2+
 64% (14 
helices; 
140 
residues) 
1% (4 
strands; 4 
residues) 
(Rinaldo et 
al., 2015) 
PmGH c-di-GMP 
phosphodiesterase 
4MC
W 
4MDZ 
4ME4 
tri-iron 57% (21 
helices; 
211 
residues) 
11% (10 
strands; 
43 
residues) 
(Bellini et 
al., 2014) 
PgpH (HD domain) c-di-AMP 
phosphodiesterase 
4S1C 
4S1B 
di-iron 65% (14 
helices; 
146 
residues) 
1% (3 
strands; 3 
residues) 
(Huynh et 
al., 2015) 
Bd1817 inactive c-di-GMP 
phosphodiesterase 
3TM8 
3TMB 
3TMC 
3TMD 
di-iron 56% (18 
helices; 
184 
residues) 
7% beta 
sheet (8 
strands; 
25 
residues) 
(Lovering et 
al., 2011) 
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RelSeq 
(bifunctional catalytic 
fragment) 
(p)ppGpp synthesis 
and hydrolysis 
1VJ7 Mn
2+
 51% (19 
helices; 
202 
residues) 
7% (8 
strands; 
29 
residues) 
(Hogg et al., 
2004) 
       
Oxygenases       
PhnZ oxygenases 4N6W 
4N71 
di-iron 54% (14 
helices; 
125 
residues) 
0% (2 
strands; 2 
residues) 
(Wörsdörfer 
et al., 2013) 
MIOX myo-inositol 
oxygenase 
3BXD 
2IBN 
di-iron 47% (16 
helices; 
137 
residues) 
2% (4 
strands; 6 
residues) 
(Thorsell et 
al., 2008) 
 
 
 iron as metal cofactors, appearing in the form of non-heme di-iron or tri-iron of mixed 
oxidation state. Second most frequently recruited metal ion is nickel, present forms can 
be either single nickel anion or di-nickel. Other metal cofactors include zinc, calcium, 
cobalt, and manganese. Almost all the coordinated metals are in the form of a divalent 
cation, except iron, which can be present as either Fe
2+
 or Fe
3+
 in the protein. 
 
1.4.2. Conserved HD Residues in the HD Motif Are Coordinating Metals  
Crystallographic studies on functional HD domain proteins reveal that the 
conserved HD residues bind to divalent metal ions, Fe
2+
/Fe
3+
, Mg
2+
, Ni
2+
, Co
2+
 and Zn
2+
, 
and substrates interact with the surrounding amino acids (Brown et al., 2006; Kondo et 
al., 2007). Mutations in the conserved HD residues drastically affect the enzymatic 
activity (Zimmerman et al., 2008). It indicates that the metals are likely involved in the  
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Table 1-2. Summary of metal ion coordination residues in published HD domain 
protein structures. 
 
Protein PDB ID 
Metal 
cofactor 
Metal-coordination residues 
Phosphohydrolases    
CRISPR-Cas3 (HD motif) 3SKD 
3SK9 
Ni
2+
 H24, H69, D70, and D205 
EF1143 3IRH 
2O6I 
Ca
2+
 H66, H110, D111, and D183 
SAMHD1 (HD motif) 3U1N Zn
2+
 H67, H206, D207, and D311. 
dGTPase 4XDS 
4X9E 
Ni
2+
 
Mg
2+
 
H69, H117
a
, and D268 
YfbR 2PAR 
2PAQ 
2PAU 
Co
2+
 H33, H68, D69, and D137 
YpgQ 5DQV 
5DQW 
5IHY 
Ni
2+
 H29, H58
a
 , and D124 
PA4781 (residue 151-368) 4R8Z di-Ni
2+
 Ni1: H180, H220, and D221 
Ni2:D221, H249, H281, and H282 
PmGH 4MCW 
4MDZ 
4ME4 
tri-iron Fe1: E185, H189, and D305 
Fe2: E185 and D222
a
,  
Fe3: D222
a
, H250, H276, and H277 
PgpH (HD domain) 4S1C 
4S1B 
di-iron Fe1: H514, H543, D544 and D648 
Fe2: D544, H580, H604 and H605 
Bd1817 3TM8 
3TMB 
3TMC 
3TMD 
di-iron Fe1: H150, H183, D184, and N265 
Fe2: D184, H212, H237, and E238 
RelSeq (bifunctional catalytic 
fragment) 
1VJ7 Mn
2+
 H53, H77
a
, and D144 
    
Oxygenases    
PhnZ 4N6W 
4N71 
di-iron Fe1: D59, H80, and H104 
Fe2: H34, H58, D59, and D161 
MIOX 3BXD 
2IBN 
di-iron Fe1: H98, H123, D124, and D253 
Fe2: D124, H194 and H220 
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a
The histidine (aspartate) residue belongs to the HD doublet pair, but the other aspartate 
(histidine) residue is not interacting with the metal ion.   
 
Information on metal interactions with residues was retrieved from PDB. The HD doublet 
residues are shown in bold.  
 
 
catalytic process and/or substrate binding. A summary of residues interacting with a 
metal cofactor in HD domain proteins is presented in Table 1-2. 
From the table, it is observed that all residues coordinating metal ions are 
histidine and aspartate residues, except in protein PmGH and Bd1817, which additionally 
recruit a glutamate residues and an asparagine residue in iron coordination. In addition, in 
HD proteins those recruit only one metal ion, such as SAMHD1 (Zn
2+
 coordinated), 
CRISPER-Cas3 (Ni
2+
 coordinated), EF1143 (Ca
2+
 coordinated), YfbR (Co
2+
 coordinated), 
the metal-binding residues can be shown as H...HD…D. However, exceptions are 
observed in the proteins YpgQ (Ni
2+ 
coordinated), RelSeq (Mn
2+
 coordinated) and 
dGTPase (Ni
2+
 coordinated), residues binding to metal can be represented as H…H…D, 
the aspartate residue of doublet HD is seen in the sequence, but it does not interact with 
the metal ion.  
Figure 1–8 is displaying the superposition of structural models of HD motifs of 
HD domain proteins YpgQ (PDB ID: 5DQV), SAMHD1 (PDB ID: 3U1N), and EF1143 
(PDB ID: 3IRH), to present the conserved architecture of the HD domain core. The above 
three proteins contain only one metal ion and they all belong to phosphohydrolases. The 
overlaid model indicates that the core region of HD motif is composed of 5 α-helices, 
named as αA to αE. The conserved HD residues that are interacting with metal ions are 
located at αA, αB and αE.  
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Figure 1–8. Superposition of HD motifs of HD domain proteins YpgQ, SAMHD1 
and EF1143 illustrating the conserved helices architecture. 
 
Superposition of HD motif of HD proteins YpgQ (green, PDB ID: 5DQV, residue 25-
130), SAMHD1 (yellow, PDB ID: 3U1N, residue 160-320), and EF1143 (orange, PDB 
ID: 3IRH, residue 59-197), indicates that the core of HD motif consists five α-helices, 
αA-αE. Metal cofactors of each protein are represented as spheres. Side chains of HD 
residues that interact with metal ions are colored by element, oxygen: red; nitrogen; blue. 
The figure was drawn with Pymol.  
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Figure 1–9A is showing the structural model of HD motif in protein YpgQ (PDB 
ID: 5DQV, residue 25-130), illustrating the conserved helices (αA to αE) in the domain. 
YpgQ displays nucleotide pyrophosphohydrolase activity, it hydrolyzes 
(deoxy)ribonucleoside triphosphate [(d)NTP] to (deoxy)ribonucleoside monophosphate 
and pyrophosphate using the HD domain. The Ni
2+
 ion is coordinated by the three 
conserved HD residues, which can be presented as H…H…D. The first histidine residue 
is located at the starting of the αA, the HD doublet residues (H58D59) are located at the 
end of the αB, but only the histidine interacts with the metal ion. The two helices (αA and 
αB) are roughly paralleled, following are another two helices (αC and αD) that lie above 
the αB. The other aspartate residue bound to metal ion is located at the last α-helix (αE). 
Figure 1–9B is showing the structure model of HD motif of YfbR (PDB ID: 2PAR, 
residue 30-137), which also coordinates one metal ion and displays phosphohydrolase 
activity.YfbR is a 5′-nucleotidase (5′-NT) against to 2′-deoxyribonucleotide-5′-
monophosphates (dNMPs) and does not discriminate among particular nucleotide bases 
(Zimmerman et al., 2008). HD motif of the YfbR contains only four conserved helices 
instead of five.. But the HD motif in YfbR is composed of four helices instead of five 
helices in YpgQ. The three helices (αA, αB, and αE) are also found in other HD domain 
proteins, it also contains an α-helix (αCʹ) which is in a different orientation of αC. It is 
noticed that the αD is missing in HD motif of YfbR (Figure 1–9B). However, the YfbR 
shares the same architecture of metal center, the Co
2+
  is bound to conserved HD residues, 
which are located at αA, αB and αE, respectively 
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Figure 1–9. Structural models of HD motifs of YpgQ and YfbR. 
 
A. The structural model of HD motif of YpgQ (PDB ID: 5DQV, residue 25-130). HD 
residues coordinating Ni
2+ are located at αA, αB and αE, respective. Ni2+ ion is 
represented as a green sphere. Metal coordination is shown as yellow dashes. B. The 
structural model of HD motif of YfbR (PDB ID:2PAR, residue 30-137). HD residues 
coordinating Co
2+
 are located at αA, αB and αE, respective. Co2+ ion is represented as a 
salmon sphere. Metal coordination is shown as yellow dashes. The side chains of HD 
residues that interact with the metal ion are colored by element, oxygen: red; nitrogen; 
blue. The figure was drawn with Pymol.  
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In proteins holding a di-metal center, such as PA4781 (di-nickel coordinated), 
PhnZ (di-iron coordinated), PgpH (di-iron coordinated), and MIOX (di-iron coordinated), 
one of the two ions is coordinated by H…HD…D residues. And the aspartate residue in 
the HD doublet always bridges the other metal ion with another two histidine residues, in 
oxygenases PhnZ, MIOX; or with another three histidine residues, in phosphodiesterases 
PA4781 and PgpH. Superposition of HD motif of HD domain proteins that contain 
multiple metal ions indicates the same conserved helical architecture, as shown in Figure 
1–10. Overlaid model of YpgQ (Ni2+ coordinated, PDB ID: 5DQV), PA4781 (di-Ni2+  
 
 
Figure 1–10. Superposition of HD motifs of HD domain proteins that contain 
multiple metal ions to illustrate the conserved helices architecture. 
 
Superposition of HD motif of YpgQ (green, PDB ID: 5DQV, residue 25-130), PA4781 
(light blue, PDB ID: 4R8Z, residue 180-310), PmGH (olive, PDB ID: 4MCW, residue 
182-319), and PhnZ (magenta, PDB ID: 4NCW, residue 25-110) indicates that the core of 
HD motif consists five α-helices, αA-αE. Metal cofactors of each protein are represented 
as spheres. Side chains of HD residues that interact with metal ions are colored by 
element, oxygen: red; nitrogen; blue. The figure was drawn with Pymol.  
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coordinated, PDB ID: 4R8Z), PmGH (tri-iron coordinated, PDB ID: 4MCW), and PhnZ 
(di-iron coordinated, PDB ID: 4NCW) shows the overlapped five α-helices, αA-αE. 
Compared to the superposed model showing in Figure 1–8, this overlaid model of 
proteins containing multiple metals has elongated αB and αC. 
Figure 1–11 is showing the structural models of two HD proteins which contain 
multiple metal ions, PhnZ (PDB ID: 4N6W, residue 25-106,149-166) and PmGH (PDB 
ID: 4MCW, residue 182-319), respectively. Both the two proteins display the conserved 
five helices in the motifs. PhnZ contains a di-iron center; residues holding one of the 
metals (M1) are located at αA, αB and αE (Figure 1–11A), same as that in YpgQ shown 
in Figure 1–9A. Residues that hold the other metal ion (M2) are located at αC and αD. 
Similarities are seen in the model of HD motif in PmGH (PDB ID: 4MCW, residue 182-
319), HD residues bound to the third metal ion (M3) are located at αC and αD (Figure 1–
11B), respectively. PmGH is the only one which is characterized containing three metal 
ions, the histidine residue of the doublet HD residues is not interacting with the metal 
ions. In addition, one glutamate residue is recruited in iron coordination, and it also 
performs as a bridge two metal ions (Fe1 and Fe2) as well as the aspartate residue in 
doublet HD sites (bridging Fe2 and Fe3). Besides the aspartate residue, Fe3 is 
coordinated by another three histidine residues including two adjacent histidine residue 
(H276 and H277), this pattern was also observed in proteins which have a di-metal center, 
such as PA4781 (di-Ni
2+ 
coordinated) and PgpH (di-iron coordinated). It is noticed that 
the histidine in HD doublet of protein PmGH is not interacting with any of the tri-iron 
ions. 
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Figure 1–11. The structural models of HD motifs of PhnZ and PmGH. 
 
A. The structural model of HD motif of PhnZ (PDB ID: 4N6W, residue 25-106,149-166). 
Di-iron ions are represented as spheres and labeled as M1, M2. Metal coordination is 
shown as yellow dashes. B. The structural model of HD motif of PmGH (PDB ID:4MCW, 
residue 182-319). Tri-iron metal ions are represented as spheres and labeled as M1, M2 
and M3. Metal coordination is shown as yellow dashes. The side chains of HD residues 
that interact with the metal ion are colored by element, oxygen: red; nitrogen; blue. The 
figure was drawn with Pymol.  
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1.5. Discovery of DDI2 and DDI3 Genes 
DDI2 and DDI3 are two genes identified in S. cerevisiae through a genome-wide 
microarray analysis of gene transcription levels in response to MMS, which is a typical 
DNA-methylating agent. In this microarray analysis, two open reading frames (ORFs) 
YNL335W and YFL061W displayed the highest fold induction (> 100-fold) among the 
entire transcripts after 0.1% MMS treatment (Fu, 2008). Due to their properties, the 
ORFs were named DNA-damage inducible genes 2 and 3 (DDI2 and DDI3) respectively , 
as DDI1 had been previously reported. Ddi1 was reported being involved in numerous 
interactions with the ubiquitin system (White et al., 2011), and is known to be regulated 
by the DNA-damage checkpoint (Zhu and Xiao, 1998, 2001). 
 
 
 
 
Figure 1–12.The diagram shows DDI2 and DDI3 genes are located within a highly 
conserved duplicated region.  
 
DDI2 and DDI3 and their flanking 20-kb regions are thought to derive from gene 
duplication, in which the boxed regions are highly conserved in DNA sequence.  
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Interestingly, these two ORFs are identical and are located in a board region of 
gene duplication, including their promoter regions (SGD, www.yeastgenome.org, 
Stanford University). (Figure 1–12). Besides DDI2/3, two downstream genes, SNO2/3 
and SNZ2/3, are also found in this duplicated region. However, Sno2 has two amino acids 
differences (M94 and E105) from Sno3 (L94 and A105). Functions of both Sno2 and 
Sno3 remains unknown, but their expression is known being induced before the diauxic 
shift, and in the absence of thiamin (Padilla et al., 1998; Rodríguez-Navarro et al., 2002). 
Snz2 has one amino acid (I266) difference from Snz3 (V266). SNZ2 and SNZ3 belong to 
stationary phase-induced gene family; their proteins are expressed in the presence of 
galactose. The transcription of SNZ2(3) is induced prior to the diauxic shift, and also in 
the absence of thiamin, through a Thi2p-dependent pathway. It is noticed that SNZ2(3) 
forms a co-regulated gene pair with SNO2(3) (Braun et al., 1996; Padilla et al., 1998; 
Rodríguez-Navarro et al., 2002). 
 
1.6. DNA Damage-Inducible Genes in Budding Yeast S. cerevisiae 
DNA-damage inducible genes are those whose transcriptional levels can be 
induced by DNA damage. The budding yeast S. cerevisiae is one of the simplest 
unicellular eukaryotic organisms, but it shares most complex internal cell structures with 
plants and animals. S. cerevisiae shares many of the technical advantages that permit 
rapid progress in the molecular genetics of prokaryotes, such as rapid growth, dispersed 
cells, the ease of replica plating and mutant isolation, a well-defined genetic system, a 
highly versatile DNA transformation system, various selective markers and powerful 
genetic manipulations. Therefore, S. cerevisiae is one of the model organisms used in the 
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study of DNA repair pathways in eukaryotes. A large number of genes involved in yeast 
DNA repair and tolerance pathways are identified as DNA-damaging inducible genes 
(Friedberg, 2006; Fu et al., 2008). 
The PHR1 gene encodes a DNA photolyase involved in photoreactivation, which 
directly removes pyrimidine dimers in the presence of visible lights (Schild et al., 1984). 
The transcriptional level of PHR1 was reported to be induced by UV irradiation 
(Sebastian and Sancar, 1991), which mainly cause pyrimidine dimers and UV-mimetic 
agent 4-Nitroquinoline 1-oxide (4NQO). It is, also induced by methyl methanesulfonate 
(MMS) and methylnitronitrosoguanidine (MNNG), which are DNA alkylating agents; 
and also by bleomycin and cisplatinum, which halt DNA synthesis (Sancar, 2000; 
Sebastian et al., 1990).  
The MAG1 gene encodes a DNA glycosylase that specifically recognizes and 
cleaves 3-methyladnine produced by DNA alkylating damage, and initiates the base 
excision repair (BER) pathway (Chen et al., 1989). The transcription of MAG1 is induced 
by a variety of DNA-damaging agents including DNA-alkylating agents, such as MMS 
and MNNG, oxidative agents. The gene is also induced by agents causing bulky adducts 
such as 4-nitroquinoline oxide (4NQO) and UV radiation (Chen and Samson, 1991), and 
also by hydroxyurea (HU), which results in depletion of deoxyribonucleotide (dNTPs) 
pools and promotes stalls at the replication forks (Liu and Xiao, 1997). 
DNA damage-inducible gene 1 (DDI1) is located immediately upstream of the 
MAG1 gene (Liu and Xiao, 1997) encoding a 3-methyladenine DNA glycosylase required 
for the base excision repair (NER) pathway (Chen et al., 1989). An interesting discovery 
is that the upstream activating sequence that regulates the transcription of MAG1 
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(UASMAG1) lies in protein coding region of DDI1 (Liu et al., 1997), and DDI1 was named 
because this gene was found being inducible by DNA-damaging agents and co-regulated 
with MAG1 (Liu and Xiao, 1997). (Liu and Xiao, 1997; Zhu and Xiao, 2001).Subsequent 
studies reveal that Ddi1 contains ubiquitin-associated (UBA), ubiquitin-like (UBL), and 
retroviral-like proteinase (RVP) domains (Clarke et al., 2001). The function of Ddi1 
remains unclear; studies reveals that the protein belongs to a family of shuttle proteins 
which are targeting polyubiquitinated substrates for proteasomal degradation, and it is 
confirmed that Ddi1 can bind to ubiquitin via its UBL domain (Nowicka et al., 2015). 
The presence of RVP domain is required for the repression of protein secretion, and it is 
proposed that Ddi1 functions as an aspartic protease in vivo. (White et al., 2011).  
BER is a DNA repair process to remove mainly modified bases due to alkylation 
and oxidation. The damaged base is directly recognized by corresponding glycosylases, 
following steps including base excision, DNA synthesis, and ligation. Nucleotide 
excision repair (NER) is a more complex process to remove many DNA helix-distorting 
lesions such as UV or UV-mimetic agent-induced damage and chemical adducts. In S. 
cerevisiae, NER is mediated by Rad1, Rad2, Rad4, Rad7, Rad10, Rad14, Rad16, Rad23, 
Met18, the transcription factor TFIIH, and the heterotrimeric complex RPA (Rfa1, Rfa2, 
Rfa3). Together these proteins bind DNA lesions and make incisions on both sides of the 
damaged DNA, which releases a fragment of 25-30 bp (Hoeijmakers, 1993; Prakash et al., 
1993). It is identified that expression of Rad2, which functions an endonuclease making 
the incision on single-strand NDA, is induced in response to UV in alpha-factor-arrested 
or stationary phase cells (Siede and Friedberg, 1992; Siede et al., 1989). Other NER 
genes including RAD7 (Jones et al., 1990), RAD16 (Bang et al., 1995) and RAD23 
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(Madura and Prakash, 1990) were reported to be induced at the transcriptional level after 
UV treatment.  
The homologous recombination repair pathway is responsible for repairing DNA 
double-strand breaks; genes involved in this pathway belong to the RAD52 epistasis 
group, including RAD50, RAD51, RAD52, RAD54, RAD55, RAD56, RAD57, 
RAD58/MRE11, RAD59 and XRS2 .(van den Bosch et al., 2002). Among these genes, the 
transcription of RAD51 was reported to be induced by low-dose X-ray treatment (Basile 
et al., 1992). Moreover, a study on the expression of RAD54 showed that it was inducible 
in response to DNA-damaging agents including X-rays, UV light and MMS (Basile et al., 
1992). 
Microarray chip was frequently used in genome-wide screening for DNA-
damaging inducible genes as a high throughput study method. A DNA microarray chip is 
a high-density array of DNA spots that contain addressable complementary sequences to 
many or most genes in a genome. The chip is hybridized with fluorescently tagged 
nucleic acids, representative of expressed transcripts. Imaging and computational analysis 
are used to monitor changes in transcriptional levels of thousands of genes 
simultaneously (Gasch et al., 2001; Jelinsky and Samson, 1999; Lee et al., 2007). 
Microarray studies provide an opportunity for thorough study of the DNA 
damage-induced transcription in budding yeast. By using a DNA microarray, Jelinsky 
and Samson reported that 325 genes of 6,218 ORFs (5.2%) increase more than 4-fold at 
the transcript level after exposing yeast cells to the typical alkylating agent MMS at 0.1% 
for 1 hour (h) (Jelinsky and Samson, 1999). These genes can be classified into several 
functional groups: DNA repair, cell cycle, signal transduction, cell wall biogenesis, 
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membrane transport, detoxification, and protein degradation. Obviously, besides genes 
involved in DNA repair and cell cycle regulation, genes participating in many other 
cellular processes are also regulated in response to DNA damage. The same group also 
studied the genomic transcriptional spectrum of yeast cells treated with different MMS 
doses and time courses (Jelinsky et al., 2000). More than 1,000 genes were found to be 
up-regulated in response to MMS treatment. Interestingly, many of the genes induced by 
MMS treatment were also induced in response to the arrest of cells in the stationary phase. 
Thus, there appears to be an overlap of responsive genes under two different stressful 
conditions, MMS exposure, and stationary growth arrest. This implies the existence of a 
general stress response pathway in budding yeast. Studies revealed that the DNA 
damage-inducible genes could be induced by a spectrum of DNA damaging agents rather 
than a particular kind of chemical. Examples include PHR1 and MAG1 as previously 
referred. Another well-studied DNA damage-inducible gene that responds to a variety of 
DNA-damaging agents is RNR3. RNR3 encodes one of the large subunits of 
ribonucleotide reductase (RNR) that catalyzes the conversion of the nucleotides to 
deoxynucleotides, which is a rate-limiting step in de novo deoxyribonucleotides 
biosynthesis (An et al., 2006; Elledge and Davis, 1990; Yao et al., 2003). RNR plays an 
essential role in DNA replication and repair as it maintains the concentrations and 
balance among the individual dNTPs (dATP, dGTP, dCTP and dTTP) (Kumar et al., 
2010). Functional RNR is a tetrameric protein complex containing two large subunit and 
two small subunits. The main isoform of large subunit is encoded by RNR1, the other 
isoform is encoded by RNR3, and two small subunits are encoded by RNR2 and RNR4 
(Basso et al., 2008; Elledge and Davis, 1990). The homodimer of Rnr1 contains the 
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regulatory and catalytic sites, and heterodimer consisting of Rnr2 and Rnr4 houses the 
essential diferric-tyrosyl radical cofactor (Xu et al., 2006). The contribution of Rnr3 to 
ribonucleotide reduction is not clear. Though Rnr3 is not expressed in normal growth 
condition, it is strongly induced by DNA damage (Domkin et al., 2002). Using lacZ gene 
as a reporter gene, Endo-Ichikawa found that the RNR3 promoter could be activated by a 
variety of DNA damaging agents including UV, alkylating agents MMS and MNNG, 
oxidation agent H2O2, hydroxyurea (HU), and γ-ray irradiation (Endo-Ichikawa et al., 
1995). Due to this feature, the RNR3 promoter-lacZ fusion system was developed as a 
tool to assess genotoxicity (Jia and Xiao, 2003; Jia et al., 2002).  
Based on these observations, it seems likely that DNA damage induction is 
regulated by a global damage response pathway rather than a DNA lesion-specific 
pathway in budding yeast. The model of transduction pathway of DNA damage-inducible 
genes includes signals, sensors, transducers and effectors (Zhou and Elledge, 2000). 
Regulation of Rnr3 expression is the best-known example of a eukaryotic 
transcriptional response to DNA damage. As previously mentioned, the transcriptional 
level of RNR3 gene is very low under normal conditions. However, when treating yeast 
cells with DNA-damaging agents such as UV, MMS and 4-NQO, the transcriptional level 
of RNR3 can be induced 100 to 500 fold (Elledge and Davis, 1990). In order to discover 
the mechanism of induction, Zhou studied a series of mutant yeast strains that have 
constitutive expression of RNR3 (crt mutants) (Zhou and Elledge, 1992). A series of 
genes were identified as suppressors of Rnr3 expression. These negative regulators of 
Rnr3 expression can be divided into two groups, the first group includes indirect 
regulators that come from endogenous DNA damage or a state of metabolic stress such as 
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nucleotide depletion which induces the upregulation of Rnr3 expression. The other group 
includes direct regulators involved in the entire signal transduction pathway, transcription 
factors are also included. The CRT1, TUP1 (CRT4) and SSN6 (CRT8) genes encode 
direct negative regulators binding to the RNR3 promoter (Figure 1–13). A second study 
was carried out by the same research group to identify mutations that disrupt DNA 
damage induction on RNR3. These genes were designated DUN for DNA-damage 
uninducible (Zhou and Elledge, 1993). Genetic analysis of crt1Δ, tup1Δ and ssn6Δ 
showed that these mutations were epistatic to the dun1Δ mutation, providing a strong 
genetic verification that CRT1, TUP1 and SSN6 function downstream of DUN1 (Huang et 
al., 1998). The same group identified that Mec1 and Rad53 which are upstream kinases 
activating Dun1, are necessary for the DNA damage induction of RNR3 (Huang et al., 
1998) (Figure 1–13).  
To sum up, in response to DNA damage or replication blocks, the Rad53 protein 
kinase is activated via a Mec1-dependent pathway, and activated Rad53 further 
phosphorylates the protein kinase Dun1. The Mec1-Rad53-Dun1 kinase cascade 
culminates in the phosphorylation of Crt1. Crt1 is a DNA-binding protein that binds to a 
13-bp consensus sequence termed the X-box. Multiple X-box related sequences of 
different strength can be found in the promoter region of RNR3, RNR2 and RNR4. Crt1 is 
able to recruit the general repressor Tup1-Ssn6 complex to suppress the transcription of 
RNR genes. The Crt1 is phosphorylated by Dun1 with the present of DNA damage or 
replication blocks, and loses the ability to bind to the X-box, leading to transcriptional 
induction of RNR genes (Figure 1–13.). 
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Figure 1–13. Mec1-Rad53-Dun1–dependent regulation pathway of transcription of 
S. cerevisiae RNR genes. 
  
Dun1 kinase relieves the inhibition of transcription of RNR genes by targeting suppressor 
proteins binding upstream of RNR genes. Reproduced from (Sanvisens et al., 2013).  
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1.6.1. DNA Damage Caused by MMS Is Mainly Repaired by the Base Excision 
Repair (BER) Pathway in Yeast  
MMS is a typical DNA alkylating agent. It mainly methylates guanine (G) and 
adenine (A), producing N7-methylguanine (7MeG) and N3-methyladenine (3MeA), as 
shown in Figure 1–14. While 7MeG does not block replication or cause increased 
mutations, 3MeA is a malignant lesion and affects base pairing during DNA replication. 
Therefore, N3-methyladenine needs to be removed otherwise it will cause genome 
damage and eventually cell death. 
 
 
 
Figure 1–14. Frequency (%) of MMS-induced base lesions.  
 
The reactive methyl group of MMS can attack cellular targets including both dsDNA or 
ssDNA by nucleophilic substitution through the SN2 mechanism. The six nitrogens 
(pointed by arrows) with a double bond are the primary DNA targets of methylation by 
MMS and are labeled and highlighted with arrows. Atoms are colored by elements 
(nitrogen: blue; carbon: gray; oxygen: red; hydrogen: white) and are presented at their 25% 
van der Waals radii and bonds are shown in 0.1Å. Adopted from (Yang et al., 2010).  
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DNA repair is the cellular response to DNA damage that alters nucleotide 
sequence and DNA structure to its native state (Friedberg, 2006). The major pathways 
include base damage reversal, base excision repair (BER), mismatch repair (MMR), 
nucleotide excision repair (NER), recombination repair and post-replication repair (PRR). 
These DNA repair pathways are highly conserved in all organisms from bacteria to 
human. Defects in DNA repair pathways will cause regional or global alteration of 
genetic information, leading to the accumulation of mutations and ultimately cell death. 
For mammals, DNA repair deficiency may lead to cancer and other diseases.   
In general, BER repairs DNA base damage that causes relatively minor 
disturbances to the DNA helical structure. Such damage includes deamination, oxidation, 
and alkylation. Methylated bases resulting from MMS treatment are predominantly 
repaired by the base excision repair (BER) pathway. As shown in Figure 1–15, firstly, 
damaged bases are recognized by DNA glycosylases. Substrate-specific DNA 
glycosylases remove the damaged base from the sugar and phosphate backbone, resulting 
in the formations of apurinic/apyrimidinic (AP) sites. In S. cerevisiae, 3MeA sites are 
recognized and cleaved by Mag1 (3-methyl-adenine DNA glycosylase) (Chen et al., 1989; 
Xiao et al., 2001).. Other genes encoding glycosylases include NTG1, NTG2, UNG1 and 
OGG1 (Boiteux and Jinks-Robertson, 2013). Ntg1 acts as a DNA N-glycosylase that also 
exhibits an AP lyase activity. NTG2 is a paralog of NTG1, arising from genome 
duplication. UGN1 encodes a uracil-DNA glycosylase that recognizes the deamination of 
cytosine. OGG1 encodes a glycosylase specifically excises 7, 8-dihydro-8-oxoguanine 
caused by oxidation. Starting from AP sites, DNA backbone can be cleaved by an AP 
endonuclease (Apn1 and Apn2 in yeast), resulting in the formation of a 3′-hydroxyl and a 
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5′-abasic sugar phosphate, deoxyribose phosphate (3′-dRP and 5′-dRP). This cleavage 
results in either a short gap (1 mer) or long single-strand gap (2-10 mer) at the DNA 
backbone, and thus named short-patch and long-patch BER, respectively. Alternatively, 
the AP sites can be cleaved by AP lyases associated with a subset of DNA glycosylases, 
as Ntg1 and Ntg2 in yeast. AP lyases catalyze the formation of a 5′-phosphate and 3′-
fragmented deoxyribose. In yeast cells, the resulting gap can be filled in by DNA 
polymerase ε (Pol ε), and the remained DNA strand nick is sealed by DNA ligase (Cdc9).  
 
 
 
 
 
 
Figure 1–15. A general schematic of BER after methyl base damage.  
 
BER repairs damaged DNA throughout the cell cycle. The repair process is initiated by 
DNA glycosylases which remove specific damaged bases. The resulting AP sites are then 
cleaved by an AP endonuclease, following by either short patch or long patch DNA 
synthesis. Adopted from (Wyatt and Pittman 2006).  
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It is important to notice that BER involves a series of enzymatic steps, and the 
intermediates themselves could be various forms of DNA damage. An AP site is a form 
of DNA damage and will give rise to form DNA strand breaks due to its inherent 
instability. As shown in Figure 1–16, the actions of DNA glycosylases and AP 
endonuclease creates breaks at DNA strands (single-strand breaks, SSBs) and two closely 
located SSBs on opposite strands are possible to form double strand breaks (DSBs). 
Alternatively, AP sites have the ability to block DNA replication and stalled replication 
forks can give rise to DSBs. Unrepaired strand breaks could cause loss of genetic 
information and/or cell death while mis-repaired strand breaks could lead to mutations. 
 
 
 
 
 
 
Figure 1–16. Illustration of BER intermediates giving rise to DNA strand breaks 
(DSBs). 
 
Methylated DNA and AP sites accumulate lead to increased levels of DSBs. Adopted 
from (Memisoglu and Samson 2000).  
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Studies on model organisms reveal that strand breaks are mainly repaired by 
homologous recombination (HR) pathway and non-homologous ending joint (NHEJ) 
pathway (Figure 1–17). 
HR is an error-free repair pathway to repair DSBs. When DNA replication is 
halted at a strand break, HR process is recruited to bypass the break by utilizing the 
complimentary chain as a template for DNA replication. The genes involved in this 
pathway were named RAD52 group genes, due to their mutants were specifically 
sensitive to ionizing radiation. The genes involved in HR include RAD50, RAD51, 
RAD52, RAD54, RAD55, RAD57, RAD59, MRE11, and XRS2. Though RAD51 initiates 
the HR process by binding to the breaking end of DNA to form filamentous tail searching 
for the homologous sequence, RAD52 plays the central role in HR. Rad52 binds to single-
strand DNA (ssDNA) as oligomers and accelerates the annealing of the complementary 
DNA strands. Other proteins involved in the annealing process include Rad55, Rad57, 
and Rad59. The strand with the break is introduced to anneal to the sister chromatin at the 
complementary region and continues replication. The formed four-strand DNA complex 
is named as a Holiday Junction (HJ). HJ cleavage could be performed at either direction 
and thus leading to an exchange of DNA, the transaction of DNA material could happen 
once or twice, based on the direction of HJ cleavage.  
Non-homologous end joining (NHEJ) pathway is to rejoin DNA double-strand 
breaks directly; this process is considered as an error-prone repair because the direct 
rejoining would cause genetic information missing and chromosomal rearrangement. 
Studies have revealed that yeast processes a canonical NHEJ pathway dependent on Ku 
proteins and DNA ligase IV (Daley et al., 2005). Yeast Ku protein is a heterodimer 
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consisted of Ku70 and Ku80. Soon after DSB formation, Ku and a complex of Mre11, 
Rad50, and Xrs2 (MRX), then DNA ligase IV is recruited. After pairing, the two ends 
will be ligated.  
 
 
 
 
Figure 1–17. Scheme of homologous recombination (HR) and non-homologous 
ending jointing (NHJE) pathways repair double-strand breaks (DSBs) in yeast. 
 
In cells that divide through mitosis, HR and NHJE repair DNA DSBs caused by ionizing 
radiation or DNA-damaging chemicals. Unrepaired DSBs can cause chromosomes 
rearrangement in somatic cells, which could lead to cancer. Unlike HR pathway, NHEJ 
process does not require sequence homology at DSBs region. Adopted from (Aylon and 
Kupiec 2004).   
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1.7. The Objective of This Study  
The primary purpose of this study is to identify the function of Ddi2 and Ddi3 
proteins, through genetic and biochemistry approaches.  
The biochemical study focuses on identification of any function of the protein, 
such as enzymatic activity, any ability to bind to other proteins or DNAs. In this study, 
DDI2/3 encoding regions would be subcloned and overexpressed in E.coli. 
Prokaryotically expressed Ddi2/3 protein would be collected and applied in an enzymatic 
assay, to determine if the protein has any enzymatic activity. To investigate the function 
of the endogenous Ddi2/3 protein, ddi2/3Δ and ddi2Δ ddi3Δ yeast strains would be 
created and studied. Compared to wildtype cells, any changes of phenotypes due to the 
lack of the genes would be observed and providing clues of the functions in vivo.  
Due to its name, DDI2/3 was proposed playing a role in DNA repair pathways to 
recover from damage caused by MMS. To investigate in which DNA repair pathway 
DDI2/3 is participating, a series of triple mutants of yeast strain would be created, besides 
the disruptions of DDI2 and DDI3, one of representative DNA repair genes is also 
disrupted in these strains. The triple mutants would be studied in sensitivity assays with 
exposure to MMS and other typical DNA damaging agents. Any enhanced sensitivities 
due to the three genes disruptions would help to determine which pathway requires 
DDI2/3 in vivo.  
All these studies would be helpful to identify the physiological role of DDI2/3 in 
yeast. A side-by-side study focusing on transcription regulation of DDI2/3 is also 
launched. These studies may provide information that helps us to understand why this 
region is duplicated in the yeast genome. 
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CHAPTER 2 MATERIALS AND METHODS 
 
2.1. Cloning Of DDI2/3 Gene into Bacteria Overexpression System 
To clone DDI2/3 into a GST-tagged expression vector, the DDI2/3 ORF was 
amplified from the yeast genome using primers YFL061w-2 (5ʹ- 
GCCGAATTCATGTCACAGTACGGATTT -3ʹ) and YFL061w-3 (5ʹ- 
GCCGCGGCCGCCCTCATTGAAACTTACCT -3ʹ), and inserted into bacteria vector 
pGEX-6P-1 (GE Healthcare.) at the EcoRI and NotI sites (enzyme sites are shown in 
italic). This construct was made by Yu Fu (Fu, 2008).  
To clone DDI2/3 into a His6-tagged expression vector, the DDI2/3 ORF was 
amplified from the yeast genome using primers YFL061w-9 (5ʹ- 
GGCCCATGGGCATGTCACAGTACGGA-3ʹ)  and YFL061w-10 (5ʹ- 
GGCGCGGCCGCGTTATACCCAAATGTATT-3ʹ). The PCR program includes pre-
denaturation at 94°C for 3 minutes (min), and then followed by 30 cycles of 30 seconds 
(s) at 94°C, 30 s at 56°C and then 45 s at 72°C. At last, the reaction was incubated for 10 
min at 72°C. PCR products were digested with NcoI and NotI and inserted into plasmid 
pET28a (EMD Millipore) at the corresponding multiple cloning sites. Restriction enzyme 
sites are shown as italic in primers.  
Constructed pGEX-DDI2/3 and pET-DDI2/3 plasmids were first transformed into 
Escherichia coli strain DH10B for preservation. After confirming by DNA sequencing, 
correct plasmids were transformed into E. coli strain BL21(DE3) for overexpression. 
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2.2. Construction of Double Mutations on Ddi2/3: Ddi2/3-H88A; D89A and Ddi2/3-
H137A; D139A by Using Mega-Primer Method 
Site-specific mutations were created on Ddi2/3 in the above pGEX-DDI2/3 
plasmid by a mega-primer approach (Ke and Madison, 1997) as previously described 
(Pastushok et al., 2005). The site-specific mutagenesis was introduced by doing PCR 
with two common primers pGEX-5ʹ and pGEX-3ʹ, and two mutation-specific primers 
Ddi2/3-H88D89AA-P (5ʹ-CTGTTGTTGCAATAGCAGCAAGTAAGCAGGTG-3ʹ) and 
Ddi2/3-H137D139AA-P (5ʹ-
GGGCTGCAGAATGAGCCCCAAGGTGGTAATGTAGCCAGTCCCAGTCAAAGCC
TGGGCACGAATGATGGC-3ʹ). Mutated sites are in bold. The entire ORFs of the 
resulting plasmids were sequenced to confirm the mutant constructs. The mutated DDI2/3 
genes were expressed and proteins purified like the methods for wild type Ddi2/3. 
Figure 2–1 shows the scheme of construction of double mutations by using 
megaprimer method. Briefly, to construct the site-specific mutation H88A; D89A, 
plasmid pGEX-DDI2/3 was used as the template for PCR (Figure 2–1A), and mega-
primers were obtained from first round PCR using primers pGEX-5ʹ and a primer 
containing the H88D89AA mutation sites (Figure 2–1B). The PCR program includes pre-
denaturation at 94°C for 3 min, followed by 30 cycles of 30 s at 94°C, 30 s at 58°C and 
30 s at 72°C, and then ended with incubation for 10 min at 72°C. The amplified mega-
primers were purified by doing agarose electrophoresis. In the second round of PCR, the 
template plasmid DNA was cut to linearize DNA by using restriction enzyme EcoRI 
(Figure 2–1C). Purified megaprimers and pGEX3ʹ were used to amplify the rest part of  
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Figure 2–1. Scheme of Ddi2/3 double mutant construction by using mega-primers 
containing site-specific mutations.  
 
pGEX-DDI2/3 was used as the template for PCR (panel A), and mega-primers were 
obtained from first round PCR using primers pGEX-5ʹ and a primer containing the H88A; 
D89A mutation sites (panel B). The amplified mega-primers were purified by doing 
agarose electrophoresis. In the second round of PCR, the template plasmid DNA was 
digested to linearize.(panel C). Purified megaprimers and pGEX3ʹ were used to amplify 
the rest part of the DDI2/3 coding region including restriction sites (penal D.). Products 
obtained from the second round of PCR were inserted into the pGEX-6p-1 vector by 
using same restriction sites.  
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the DDI2/3 coding region including restriction sites. The PCR program includes pre-
denaturation at 94°C for 3 min, and then followed by 30 cycles of 30 s at 94°C, 30 s at 
60°C and 1 min at 72°C, and then ended with incubation for 10 min at 72°C. Products 
obtained from the second round of PCR were inserted into the pGEX-6P-1 vector by 
using EcoRI and NotI sites as well. 
Similarly, to construct site-specific mutagenesis H137A; D139A, plasmid pGEX-
DDI2/3 was used as template in PCR, and mega-primers were obtained from first round 
PCR using mega-primer containing H137A and D139A mutagenesis sites and pGEX3ʹ. 
Then the template plasmid DNA was digested to linearize DNA by using restriction 
enzyme EcoRI and PstI, while the latter site was mutated in mega-primers due to the site-
specific mutagenesis. The second round of PCR was performed using pGEX5ʹ and mega-
primers to amplify the rest part of the DDI2/3 coding region including restriction sites. 
Products obtained from the second round of PCR were inserted into the pGEX-6P-1 
vector by using EcoRI and NotI sites as well. 
 
2.3. Purification of Prokaryotically Expressed Ddi2/3 
2.3.1. Overexpression and Purification of Recombinant Ddi2/3 from pGEX 
Expression System 
The recombinant plasmid pGEX-DDI2/3 was transformed into E. coli strain 
BL21(DE3) for recombinant protein overexpression. The transformed cells were cultured 
in LB containing 50 µg/ml ampicillin (LB+ Amp) at 37°C to A600nm = 0.6 before starting 
induction with 0.1 mM IPTG and continued for 16 hours (h) at room temperature (23°C). 
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The cells were harvested by centrifugation at 10,000 × g for 10 min at 4°C. Five milliliter 
(ml) lysis buffer (50 mM Tris-HCl [pH 8.0], containing 150 mM NaCl and 1 mM EDTA) 
was used to suspend per gram pellet, then added lysozyme (1 mM), DTT (4 mM), 
DNaseI (100 µg/ml) and ZnCl2 (6 µM) to the suspension. The cell lysate was collected 
after passing through a cell disrupter (TS Series Benchtop, Constant System Ltd) at 35k 
PSI, phenylmethanesulfonyl fluoride (PMSF) solution was added to cell lysate to 1 mM, 
and then the cell debris were removed by spinning at 15,000 × rpm (rotor JA-17 from 
Beckman Coulter) at 4°C for 60 min. GST-fused Ddi2/3 in the supernatant fraction was 
collected by using glutathione Sepharose
TM
 4B resin (GE Healthcare) and eluted by 
adding an excess amount of reduced glutathione (10 mM). After purification, the GST tag 
was cleaved by PreScission protease (GE Healthcare) in a cleavage buffer (50 mM Tris-
HCl [pH 8.0], containing 150 mM NaCl, 1 mM EDTA and 4 mM DTT) at 4°C for 16 h. 
The GST tag and PreScission protease, which is also GST-tagged but cannot be cleaved, 
was removed by running the digested product over glutathione Sepharose
TM
 4B resin. 
Collected Ddi2/3 was dialyzed in 50 mM HEPES-Na [pH 7.5], containing 100 mM NaCl. 
During the purification process, protein samples were taken after each step and analyzed 
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Western 
blot analysis was also performed to identify the GST fusion, in which a goat anti-GST 
(GE Healthcare) primary antibody (1:20,000 diluted) and bovine anti-goat IgG-HRP 
(Santa Cruz Biotechnology) secondary antibody (1:10,000 diluted) were used. 
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2.3.2. Overexpression and Purification of Recombinant Ddi2/3 from pET 
Expression System 
The plasmid pET-DDI2/3 was transformed into E. coli strain BL21(DE3) for 
recombinant protein overexpression. The transformed cells were cultured in an LB 
medium containing 50 µg/ml kanamycin (LB+ Kan) at 37°C to A600nm = 0.6 before 
starting induction by 0.5 mM IPTG at 16°C for over 16 h. The cells were harvested by 
centrifugation at 10,000 × g at 4°C for 10 min. Five ml of lysis buffer (50 mM Tris-HCl 
[pH8.0], containing 150 mM NaCl and 1 mM EDTA) was used to suspend each gram of 
pellet; lysozyme was added to 1 mM for cell lysis, followed by additions of 4 mM DTT, 
100 µg/ml DNaseI and 6 µM ZnCl2. The cell lysate was collected after passing through a 
cell disrupter (TS Series Benchtop from Constant System Ltd) at 35k PSI, 
phenylmethanesulfonyl fluoride (PMSF) solution was added to cell lysate to 1 mM, and 
then the cell debris was removed by spinning at 15,000 × rpm (rotor JA-17 from 
Beckman Coulter) at 4ºC for 60 min. Cell lysate through cell disrupter was added to 5 
volume of His6-tag binding buffer (50 mM Tris-HCl [pH 8.0], containing 500 mM NaCl 
and 20 mM imidazole) to dilute EDTA. Then His6- tagged Ddi2/3 in the cell lysate was 
collected by using Ni Sepherose
TM
 6 Fast Flow resin (GE healthcare) and eluted by 
adding an excess amount of imidazole (500 mM). Imidazole was removed by dialyzing 
protein in storage buffer (50 mM Tris-HCl [pH 8.0], containing 150 mM NaCl). Protein 
purity was assessed by SDS-PAGE. 
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2.4. Enzymatic Assay of Cyanamide Hydratase 
2.4.1. Urease Based Enzymatic Assay of Cyanamide Hydratase 
Purified prokaryotically expressed Ddi2/3 was incubated with various 
concentrations of cyanamide at room temperature (23ºC), and the urea formation was 
monitored by adding excessive urease to hydrolyze urea to ammonia. The produced 
ammonia was then quantified using an ammonia assay kit purchased from Sigma (Cat. 
AA0100). The kit provides α-ketoglutarat acid (KGA), reduced nicotinamide adenine 
dinucleotide phosphate (NADPH) and L-glutamate dehydrogenase (LDH). Incorporation 
of ammonia is coupled with NADPH consumption in the formation of glutamate, and its 
molarity is equal to the consumption of NADPH, which has an absorbance peak at 340 
nm. The reaction mixture for measuring kinetic parameters contains 0.62 μM urease 
(Sigma), 0.45 μM L-GDH, 3.4 mM KGA, and 0.23 mM NADPH. For each assay, 100 μl 
of Ddi2/3 solution, containing 0.027 μM (0.7 μg) protein was incubated with the above 
reaction mixture and cyanamide solution was added last to start the reaction. Each 
reaction was monitored at different time intervals for at least 20 min to calculate the 
initial velocity. When cyanamide concentrations were below 5 mM, the cyanamide 
hydration reactions were continuously monitored for 15 min. When cyanamide 
concentrations were above 5 mM, real-time monitoring of reactions for 15 min would be 
impossible since cyanamide increases the background in the ammonia assay and the 
A340nm soon drops to undetectable levels. In these situations, cyanamide hydration 
reactions and ammonia assays were separated. Briefly, the cyanamide hydration by 
Ddi2/3 was started in a 1.5 ml Eppendorf tube containing 0.027 μM of Ddi2/3 and 0.62 
μM of urease, with cyanamide added last to initiate the reaction, making the total volume 
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to 1 ml. 50-200 µl of the reaction mixture was withdrawn every 7-10 min for the 
ammonia assay and the total amount of ammonia produced in the original reaction was 
determined using the ammonia assay kit. To account for possible background ammonia 
production, a negative control reaction lacking recombinant Ddi2/3 was performed. All 
assays were repeated at least three times to calculate the mean and the standard deviations. 
The purified GST protein was used as a negative control in the enzymatic assay because 
it is readily available in the lab and its molecular weight is comparable to that of Ddi2/3. 
 
2.4.2. Colorimetric Assay-Based Enzymatic Assay of Cyanamide Hydratase from 
Yeast Whole Cell Extracts (WCEs) 
Cyanamide was added to 0.5 ml yeast WCEs to a final concentration of 2 mM and 
the solution was incubated at 30ºC. The cyanamide concentration was monitored by using 
a colorimetric assay as described by Weeks (Weeks et al., 2000). Briefly, 100 μl reaction 
mixture was added to 500 μl PBS, followed by adding 400 μl of 0.1 M sodium carbonate-
bicarbonate buffer (SCB) [pH 10.4], and 200 μl of 4% sodium pentacyanoammine-
ferroate (II) (TCI chemicals) solution as the color reagent. After reaction in the dark for 
10 min, A530nm was measured to determine the remaining cyanamide concentration. The 
decrease of A530nm after incubation indicates the consumption of cyanamide in solution, 
reflecting the activity of cyanamide hydratase in WCEs. 
 
2.4.3. Colorimetric Cyanamide Hydratase Assay with Putative Inhibitors 
Purified His-tagged Ddi2/3 was adjusted to 0.5 mg/ml (0.019 mM) and incubated 
with 10 mM of a variety of chemicals at room temperature for 30 min and then was 
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incubated with 5 mM of cyanamide. The reaction was continued at room temperature for 
2 h and the remaining cyanamide was measured by using the colorimetric assay described 
above. The decrease of A530nm after incubation indicates the cyanamide hydratase activity 
of Ddi2/3 in the presence of the chemicals.  
 
2.5. DMSO Enhanced Yeast Transformation 
Wild type yeast cells were cultured overnight in 2 ml YPD broth at 30°C with 
shaking. On the second day, 10 ml fresh YPD broth was added to the overnight culture 
and cells were allowed to grow for another 5 h with shaking. Then 1.5 ml yeast cells were 
transferred to an Eppendorf tube and centrifuged at 6,000 × g for 2 min at room 
temperature. The pellet was washed with 0.8 ml total of LiOAc solution (10 mM Tris-
HCl [pH 8.0], containing 1 mM EDTA and 0.1 M LiOAc,) once and resuspended in 0.1 
ml of LiOAc solution; competent yeast cells are ready to use. Salmon sperm DNA 
(ssDNA) solution (10 mg/ml) was boiled for 5 min and immediately put on the ice. 10 µl 
ssDNA and 5 µl plasmid DNA (50 ng/µl) were added to competent yeast cells. The 
contents were mixed gently and then left on the bench for 5 min. Then 280 µl of 
polyethylene glycol (PEG) 4,000 solution (50% [w/v] PEG 4,000 dissolved in the LiOAc 
solution) was added, the contents were mixed by inverting 4-6 times, and then the tube 
was placed at 30°C for 45 min without shaking. After incubation, 39 µl dimethyl 
sulfoxide (DMSO) was added to give an approximately 10% (vol/vol) DMSO solution in 
the tube. The contents were mixed by inversion then heat shocked at 42°C for 5 min. 
Cells were spun at 6,000 × g for 2 min, washed in 1 ml ddH2O once, and then suspended 
in 0.2 ml ddH2O. All transformed cells were plated on selective SD medium 
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supplemented with the necessary bases and amino acids, and incubated for 3 days at 30°C. 
Individual colonies were streaked on a fresh prepared selective plate for future use. 
 
2.6. β-Galactosidase (β-Gal) Assay 
The promoter region of DDI2/3 was amplified by PCR from genomic DNA by 
primers YFL061w-1 (5ʹ-GGAAAATCCAAGCTTTCAAG-3ʹ) and YFL061w-3 (5ʹ- 
GCCGCGGCCGCCCTCATTGAAACTTACCT-3ʹ); the restriction enzyme sequence 
used for cloning is italicized. The PCR product (containing -718 to +678 of DDI2/3) was 
then cloned as a HindIII-PstI (-711 to +457) fragment into YEp365R (Myers et al., 1986) 
to form YEpDDI2-lacZ. The resulting plasmid YEpDDI2-lacZ was transformed into 
yeast cells though DMSO enhanced transformation method as described above and 
transformants were maintained in an SD-Ura medium. Yeast cells containing the plasmid 
were cultured in SD-Ura medium making sure the cells maintained the plasmids. The β-
gal assay was performed as described previously (Jia et al., 2002). Firstly, yeast cells 
containing YEpDDI2-lacZ plasmid was inoculated in 2 ml SD-Ura medium and growing 
at 30ºC for overnight. On the next day, 0.5 ml overnight culture was subcultured in 2.5 
ml SD-Ura medium and growing at 30ºC for another 2 h. Two sets of cells were set up in 
the subculture for the following treatment. The test chemical was added to one set of cells 
at the desired concentration, and all cells were incubated at 30°C for another 4 h. After 
incubation, cell density was determined by taking 1 ml of cell cultures to measure A600nm. 
The remaining 2 ml of cells were collected and suspended in 1 ml of Buffer Z (60 mM 
Na2HPO4, 40 mM NaH2PO4 [pH 7.0], 10 mM KCl, 1 mM MgSO4, 40 mM β-
mercaptoethanol). To break cells, 50 µl 0.1% sodium dodecyl sulfate (SDS) and 
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chloroform were added to the cell suspension, followed by vortexing at top speed for 10 
s. The β-gal enzyme reaction was started by adding 200 µl 4 mg/ml orthonitrophenyl-β-
D-galactosidase (ONPG) solution. The reaction continued 20 min at 30ºC, in a shaker. 
Then 500 µl 1 M Na2CO3 solution was added to stop the reaction. The test tube was 
spinning at 3,500 × g at 4ºC for 10 min to remove cell debris. After the spin, 1 ml of 
supernatant was transferred into a cuvette to determine the absorbance at 420 nm. A420nm 
The β-gal activity was determined using the following equation: 
 
 1 Miller Unit =  
1000×A420nm
reaction time (min) × volume of reaction (ml) ×A600nm
 
 
The β-gal assay was performed with several independent yeast transformants from 
the same transformation to avoid internal inconsistency. Results from various 
transformants/treatments presented for comparison (e.g., treated vs. untreated with 
chemicals) were always from the same experiment to minimize inter-experimental 
variation.  
 
2.7. Construction of ddi2/3Δ and ddi2Δ ddi3Δ Yeast Strains 
To construct ddi2/3Δ disruption cassettes, the YFL061w-1/YFL061w-3 PCR 
product was cleaved by PvuII-NotI and the 1.17-kb fragment containing a 0.5-kb 
promoter and the entire DDI2/3 ORF were cloned into SmaI-NotI of the pBlueScript 
vector. A 0.54-kb HpaI-BamHI fragment (-55 to +487) was then deleted from the 
resulting pBS-DDI2 plasmid and replaced by a BamHI linker, which was used to clone 
either 1.16-kb HIS3 from plasmid YDp-H or 1.6-kb LEU2 from plasmid YDp-L  (Berben 
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et al., 1991). The resulting ddi2/3∆::HIS3 cassette was released by XbaI-XhoI digestion 
and the ddi2/3∆::LEU2 disruption cassette by BglII-XhoI digestion before yeast 
transformation. To achieve high-efficiency and specificity of target gene disruption, the 
disruption cassettes were purified from 1% agarose gel after electrophoresis. A single 
copy of DDI2/3 gene was disrupted by either the ddi2∆::HIS3 or ddi2∆::LEU2 cassette 
by a one-step gene disruption method (Rothstein, 1983). Briefly, either of two disruption 
cassette was transformed into yeast cells and during homologous recombination, one 
copy of the DDI2/3 genes was replaced by the selective marker gene and, therefore, could 
survive on selective medium, which lacks either histidine or leucine. Then the 
transformants were used for the second round transformation in which the other selective 
marker was used to disrupt the second copy of DDI2/3 genes. The double disruption lines 
were screened for their ability to grow on the SD agar plates lacking both histidine and 
leucine, and then further confirmed by genomic PCR with primers YFL061w-1 and 
YFL061w-3 flanking the deleted region. 
 
2.8. Sensitivity Assay with ddi2/3Δ and ddi2Δ ddi3Δ Yeast Strains 
Wild type yeast strain and confirmed ddi2/3Δ mutant strains were cultured 
overnight in 2 ml YPD broth at 30ºC with shaking. Sterilized ddH2O was used in 
adjusting cell density and making a series of tenfold dilution of yeast cultures. All these 
dilutions were equally spotted on YPD agar plate and plates containing testing chemicals. 
After the liquid had been absorbed, the plates were incubated at 30ºC for three days 
before taking photographs. The relative growth on control and testing plates represents 
the level of cellular resistance to the testing chemical.  
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A gradient plate assay is also used to measure sensitivities of yeast mutants to 
DNA damaging agents. Thirty ml of molten YPD agar were mixed with an appropriate 
concentration of a specific DNA damaging agent to form the bottom layer. The gradient 
was created by pouring the medium into a tiled square petri dish. After brief solidification 
for one hour, the petri dish was returned to a flat position and 30 ml of the molten YPD 
agar was poured to form the top layer. A 100 µl of yeast culture was taken from an 
overnight culture, mixed with 0.4 ml sterile water and 0.5 ml of molten YPD agar, and 
then immediately imprinted onto freshly made gradient plates using a microscope slide. 
Gradient plates were incubated at 30℃ for 2 days before taking. The growth reflected the 
resistance of yeast cells to the DNA-damaging agent. 
 
2.9. Preparation of Yeast Whole Cell Extracts (WCEs) 
Wild type yeast strain BY4741, ddi2/3Δ and ddi2Δ ddi3Δ mutant strains were 
inoculated in 5 ml YPD broth and incubated overnight at 30ºC with shaking. On the next 
day, the overnight culture was subcultured into 50 ml fresh YPD medium and cells were  
 
Figure 2–2. Scheme of DDI2 disruptions through homologous recombination.  
 
The two terminal sequences at two termini of the disruption cassette are identical to the 
target gene. Through homologous recombination, the target gene will be replaced by the 
selective marker gene, and thus, mutants can survive on selective medium.  
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continuously cultured until A600nm reached 0.4. The yeast cultures were treated with 25 
mM cyanamide for 2 h at 30ºC and cells were collected by centrifugation and then 
washed with 5 ml yeast lysis buffer (20 mM Tris-HCl [pH 8.0], containing 150 mM NaCl 
and 0.5 mM EDTA). The pellet was weighed, and each gram pellet was suspended in 1 
ml lysis buffer. PMSF solution was added to 1 mM to the cell suspension. After adding 
0.3 g acid-treated glass beads, yeast cells were lysed by vortexing 30 s followed by 
leaving on ice 30 s; after 8 rounds of the vortex, glass beads and cell debris were removed 
by centrifugation and the supernatant was centrifuged at 15,000 × g at 4ºC for 10 min. 
The clear supernatant was collected as WCEs, and the protein concentration was 
measured by the Bradford assay using the Bio-Rad protein assay reagent and then 
adjusted to 1 mg/ml in PBS. 
 
2.10. Purification and Concentration of Recombinant Protein for Crystallization 
Two liters of E.coli BL21(DE3)-pGEX-DDI2/3 culture was used in Ddi2/3 
purification as previously described. Purified Ddi2/3 was further purified by passing 
through prepacked RESOURCE Q (GE Healthcare) ion exchange column to separate 
Ddi2/3 and residual GST tag. Briefly, purified Ddi2/3 collected from second GST affinity 
purification was dialyzed in 200 volume of buffer A/low-salt buffer (20 mM Tris-HCl 
[pH 8.0], containing 20 mM NaCl) at 4ºC for overnight. Then the protein was loaded to 
SourceQ ion-exchange column (GE Healthcare) by using the Duo Flow chromatography 
system (Bio-Rad) at a speed of 0.2 ml/min. Ddi2/3 was eluted by gradient salt elution 
containing 0% to 25% buffer B/high-salt buffer (20 mM Tris-HCl [pH 8.0], containing 
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2.0 M NaCl). Elution was collected 1 ml per tube, and elution fractions were identified on 
SDS-PAGE to determine the purity of Ddi2/3. Fractions containing pure Ddi2/3 were 
collected and concentrated to 10 mg/ml by using UltraSpin (EMD Millipore) 
concentration tubes with molecular weight cut-off (MWCO) of 10 kDa. Concentrated 
Ddi2/3 was dialyzed in storage buffer (20 mM bis-Tris propane [pH 7.0], containing 150 
mM NaCl and 0.01 mM ZnCl2) and identified in SDS-PAGE to check the purity; purified 
Ddi2/3 with over 90% purity was used in crystallization grid screens. 
 
2.11. Protein Crystallization and Cryoprotection 
Crystals were grown by the hanging-drop method at room temperature (23℃) 
using 0.8 µl to 2.0 µl of protein solution (8-11 mg/ml) mixed with equal volume of 
reservoir solution. 
Grid screening of protein crystallization was performed on 24-well crystallization 
plates (VDX plate with sealant from HAMPTON research) with crystallization buffer kit, 
including Wizard I and Wizard II crystallization screen series (Rigaku), and AmSO4 suite 
(QIAGEN). Crystallization trials were set using hanging drops method. 0.8 µl to 2 µl of 
protein solution (8-11 mg/ml) was mixed with equal volume of reservoir buffer on a 
clean plastic cover slide (HAMPTON research). Then the cover slide was quickly flipped 
and sealed on the top of the well. The plates were sitting at room temperature for three 
days to a week before reviewing under a microscope. Cryoprotection was attained by the 
sequential addition of increments of mother solution supplemented with 22%-26% 
(vol/vol) glycerol, followed by the subsequent flash frozen in liquid nitrogen. 
Substrate/inhibitor soaking was performed as equilibrium crystals in cryo-buffers 
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containing 0.2 M-0.35 M corresponding chemicals for few seconds, followed by the 
subsequent flash cooling in liquid nitrogen. 
 
2.12. Data Collection and Structure model building 
X-ray diffraction data on Ddi2/3 protein crystals were collected using beamlines 
08B1-1 and 08ID-1 of the Canadian Light Source (CLS). The distance from crystal to the 
detector was adjusted to 320 mm, exposure time was set from 1 s to 4 s to avoid radiation 
damage to protein crystals; one frame was taken for every 0.2°. A typical dataset included 
100-120 degrees of data. 
Diffraction datasets were processed using HKL2000 (Otwinowski and Minor, 
1997). Manipulations with the resulting diffraction data were performed using the CCP4 
suite of programs (Winn et al., 2011) .and PHENIX  to yield an interpretable map. 
Structure building and refinement were performed using PHENIX (Adams et al., 2010) 
and COOT (Emsley and Cowtan, 2004). Structural figures were prepared using PyMol 
(Schrodinger, 2015) 
 
2.13. Site-Specific Mutagenesis 
In order to study the involvements of amino acids surrounding the zinc binding 
site of substrate binding and likely participating the reaction, five site-specific mutations 
were applied to surrounding residues. Total five mutants, H137N, Q138E, Q138A, 
T157V, and N161A, were made by using QuickChange site-specific mutagenesis kit 
(Stratagene). Site-specific mutations were introduced by doing PCR using primers that 
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contain mutated sites. Five pairs of primers corresponding to the site-specific mutations 
were designed and synthesized (Table 2-1).  
As shown in Figure 2–3, firstly, plasmid pET-DDI2/3 or pGEX-DDI2/3 was 
isolated and used as template in PCR. Primers containing mutated sequences introduced 
site-specific mutations to PCR products. After PCR, the template DNA was completely 
digested by DpnI. The PCR product was directly transformed into E. coli cells, where it 
formed plasmid. Resulting plasmids containing site-specific mutations were verified by 
DNA sequencing. Recombinant Ddi2/3 proteins containing site-specific amino acid 
alterations were produced and purified as previously described. The cyanamide hydratase 
activities of Ddi2/3 mutants were tested in enzymatic assays. 
 
 
Table 2-1. Primers used for site-specific mutagenesis. 
 
Mutagenic sites were shown as bold. 
  
Primers Sequence (5ʹ – 3ʹ) 
Ddi2-H137N-F CTGAGGCCATCATTCGTAACCAGGATTTGACTGGG 
Ddi2-H137N-R CCCAGTCAAATCCTGGTTACGAATGATGGCCTCAG 
Ddi2-Q138A-F GAGGCCATCATT CGTCACGCGGATTTGACTGGG 
Ddi2-Q138A-R CCCAGTCAAATCCGCGTGACGAATGATGGCCTC 
Ddi2-Q138E-F GGCCATCATTCGTCACGAGGATTTGACTGGG 
Ddi2-Q138E-R CCCAGTCAAATCCTCGTGACGAATGATGGCC 
Ddi2-T157V-F CATTCTGCAGATTGCTGTTACGCTTGACAATGTCGGATCC 
Ddi2-T157V-R GGATCCGACATTGTCAAGCGTAACAGCAATCTGCAGAATG 
Ddi2-N161A-F GCTACTACGCTTGACGCTGTCGGATCCAATACCGATC 
Ddi2-N161A-R GATCGGTATTGGATCCGACAGCGTCAAGCGTAGTAGC 
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Figure 2–3. Overview of constructions of site-specific mutations by using 
QuickChange
TM
 Site-Directed Mutagenesis kit. 
 
pET-DDI2/3 or pGEX-DDI2/3 was used as template in PCR. Primers containing mutated 
sequences introduced site-specific mutations to PCR products. After PCR, the template 
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DNA was completely digested by DpnI and thus removed. The PCR product was directly 
transformed into E. coli cells, where it formed plasmid. Adopted from the user manual. 
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CHAPTER 3 DDI2 AND DDI3 ENCODE A CYANAMIDE HYDRATASE 
 
Most of the results in this chapter have been published in the article below: 
Li, J., Biss, M., Fu, Y., Xu, X., Moore, S.A., and Xiao, W. (2015). Two 
duplicated genes DDI2 and DDI3 in budding yeast encode a cyanamide hydratase and are 
induced by cyanamide. J Biol Chem 290, 12664-12675. 
JL, MSA and WX designed the experiment; JL performed most experiments, 
conducted data collection and interpretation, and drafted the article; BM performed β-gal 
assays with pYEDDI2/3-lacZ transformants in response to MMS and cyanamide; FY 
performed Southern blot and β-gal assays with pYEDDI2/3-lacZ transformants to a 
variety of DNA-damaging agents; XX constructed Chr6Δ, Chr14Δ, Chr6Δ ddi2Δ and 
Chr14Δ ddi3Δ mutant strains used in this study. XW is the corresponding author. Results 
obtained by other authors included in this chapter are indicated in the figure legends. 
 
3.1. Abstract 
To study the functions of two identical DNA damage-inducible genes in 
Saccharomyces cerevisiae, DDI2 and DDI3, the gene was cloned into bacterial 
expression vectors, and the recombinant proteins were purified and studied. Since Ddi2/3 
is characterized as an HD domain protein and it shows limited homology to a fungal 
cyanamide hydratase that converts cyanamide to urea. Prokaryotically expressed Ddi2/3 
protein was tested in a cyanamide hydratase assay. From the assay, a KM of the 
recombinant Ddi2/3 to cyanamide was determined as 17.3 ± 0.049 mM. Studies with site-
specific mutations at the HD domain indicated that the cyanamide hydratase activity of 
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Ddi2/3 requires the HD domain. Unlike most other DNA damage-inducible genes, 
DDI2/3 is the only one induced by a particular set of alkylating agents and surprisingly is 
massively induced by cyanamide. To characterize the biological function of DDI2/3, both 
genes were deleted, and the resulting double mutant showed enhanced sensitivity to 
growth inhibition by cyanamide, suggesting that the DDI2/3 genes protect host cells from 
cyanamide toxicity. Despite the physiological relevance of the cyanamide induction, 
DDI2/3 is not involved in its transcriptional regulation, since the cyanamide induction of 
a reporter gene driven by the DDI2/3 promoter is not compromised in the ddi2Δ ddi3Δ 
double mutant. The significance of cyanamide hydratase and its induced expression is 
discussed. 
 
3.2.  Introduction 
3.2.1. MMS-Inducible Genes DDI2 and DDI3 Are Duplicated Genes 
DDI2 and DDI3 are two genes identified in S. cerevisiae through a genome-wide 
microarray analysis of transcription levels in response to methyl methanesulfonate 
(MMS), which is a typical DNA-methylating agent. In this microarray analysis, two open 
reading frames (ORFs) YNL335W and YFL061W displayed the highest induction (> 100-
fold) among the whole genome after 0.1% MMS treatment (Figure 3–1) (Fu, 2008). 
Therefore, they were named DNA-damage inducible genes 2 and 3 (DDI2 and DDI3), 
respectively, as DDI1 was reported as co-regulated with MAG1 (Liu et al., 1997; Liu and 
Xiao, 1997), involved in DNA-damage checkpoint (Clarke et al., 2001) and required for 
repression of protein secretion (White et al., 2011).  
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DNA sequencing reveals that DDI2 and DDI3 are duplicated genes located on 
different chromosomes (Figure 3–1B), with identical ORF sequences and only one 
nucleotide difference in their promoter (up to 1 kb) regions. Therefore, the genes are 
referred as DDI2/3 in the following studies. Since all of the well-documented DNA 
damage-inducible genes in budding yeast seem to respond to a broad spectrum of DNA-
damaging agents (Fu et al., 2008), for example, RNR3 encodes the large subunit of 
ribonucleotide reductase (Rnr3) in yeast; its induction responds to all typical DNA 
 
 
Figure 3–1. Results of the Northern blot of DDI2/3 after MMS treatment and the 
diagram showing the duplication region containing DDI2/3 genes. 
 
A.. Northern blot of DDI2/3 after MMS treatment, ACT1 was used as a reference. The 
assay was performed by Fu, Y as described in (Fu, 2008; Zhu and Xiao, 1998). B. DDI2 
and DDI3 genes are located within a highly conserved duplicated region. DDI2 and DDI3 
and their flanking 20-kb regions are thought to derive from gene duplication, in which the 
boxed regions are highly conserved in DNA sequence.  
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 damaging agents. Therefore, RNR3 is used as a reporter to monitor genotoxicity (Jia et 
al., 2002). To examine the induction of DDI2/3 to representative DNA-damaging agents, 
the lacZ gene was cloned behind the DDI2/3 promoter and used as a reporter gene. The 
expression level of LacZ (β-galactosidase) after treatment is monitored by doing the β-gal 
assay. The relative fold induction after treatment represents the activation of the DDI2/3 
promotor.  
Yu Fu (Fu, 2008) tested representative DNA damaging agents in the β-gal assay 
by using plasmid pYEDDI2/3-lacZ (Figure 3–2). Results of β-gal assay show that, unlike 
other characterized budding yeast DNA damage-inducible genes that are often induced 
by a variety of DNA-damaging agents regardless of whether they are involved in the 
repair of that type of DNA damage, the transcriptional level of DDI2/3 was only highly 
induced by SN2-type alkylating agents including MMS and dimethyl sulfate (DMS), up 
to 350-fold and 150-fold, respectively (Figure 3–2A-B). These compounds alkylate 
predominantly at nitrogens rather than oxygens in DNA bases. The SN1-type alkylating 
agent N-methyl-N’-nitro-N-nitrosoguanidine (MNNG), which efficiently alkylates both 
nitrogens and oxygens, weakly induce the expression of DDI2/3-lacZ (Figure 3–2C), 
probably due to its overlapping activities with SN2-type alkylating agents. Other DNA-
damaging agents, such as ethyl methanesulfonate (EMS), γ-ray and hydroxyurea (HU), 
only mildly induced the expression of DDI2/3-lacZ by no more than eightfold (Figure 3–
2D-F). Furthermore, UV irradiation, a well-known DNA-damaging agent, did not induce 
DDI2/3-lacZ expression at all (Figure 3–2G). The above observations indicate that 
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Figure 3–2. The induction of DDI2-lacZ by different DNA-damaging agents. 
 
β-gal assays were performed by Fu, Y., the results after various DNA-damaging agents 
are shown as induction relative to untreated. All data represent the average of at least 
three experiments with standard deviations. Adopted from (Fu 2008).  
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 DDI2/3 genes are not typical DNA damage inducible genes and that they may be 
involved in a cellular metabolic response related to SN2-type alkylation stress. It also 
suggests that its induction is regulated by a unique mechanism and that the gene may 
function differently than most other DNA damage-inducible genes. 
 
3.2.2. DDI2/3 Encodes A Peptide Containing Cyanamide Hydratase Conserved 
Domain 
DDI2/3 encodes a polypeptide (Ddi2/3) of 225 amino acids having a 
characteristically conserved domain named cyanamide hydratase domain. This domain is 
 
 
 
Figure 3–3. Protein sequence alignment of yeast Ddi2/3 and identified Cah from 
Myrothecium verrucaria.  
 
Sequence alignment was performed by ClustalW (Larkin et al., 2007). Identical residues 
are shaded, and about 36% of Ddi2/3 protein is identical to Cah. The HD doublet residues 
which are the signature of HD domain are pointed out by asterisks. 
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 related to an identified cyanamide hydratase (EC 4.2.1.69), Cah, from a soil fungus 
Myrothecium verrucaria (Maiergreiner et al., 1991). Protein sequence alignment of 
Ddi2/3 and MvCah indicates that Ddi2/3 is a homolog of MvCah. 
 
3.2.3. Hypothetic functions of DDI2/3 
Due to the sequence similarity to identified Cah, Ddi2/3 is hypothesized to 
possess cyanamide hydratase activity as well. Since the transcription levels of DDI2/3 
genes are induced by MMS, the genes are hypothesized to be involved in DNA repair to 
MMS damage.  
 
3.3. Results 
3.3.1. Prokaryotically Expressed Ddi2/3 Exhibits Cyanamide Hydratase Activity 
To date, there is only one reported characterization of cyanamide hydratase (Cah) 
isolated from M. verrucaria cell extract, with a measured KM of 27 mM. Cah was 
identified as a zinc metalloenzyme, and it formed homo-hexamer as a functional enzyme 
(Maiergreiner et al., 1991). Yeast Ddi2/3 has been characterized containing the 
cyanamide hydratase domain, and its protein sequence shows homology to Cah (Figure 
3–3). Therefore it is hypothesized that Ddi2/3 could exhibit same enzymatic activity to 
Cah. 
To test our hypothesis, DDI2/3 ORF was cloned into bacterial expression vector 
pGEX6p-1 (GE Healthcare) and the recombinant protein was expressed as a GST fusion. 
Following overexpression, purification and PreScission protease (GE Healthcare) 
cleavage to remove the GST tag, the resulting recombinant Ddi2/3 contains eight 
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additional amino acid residues (Gly-Pro-Leu-Gly-Ser-Pro-Asn-Ser) at the N-terminus, 
with a calculated molecular weight of 25.8 kDa. The cleaved Ddi2/3 protein was purified 
to apparent homogeneity as identified by SDS-PAGE, and the corresponding western blot 
shows that it is free of detectable GST contamination (Figure 3–4A).  
For His6-tagged recombinant Ddi2/3 expressed from pET28 expression system, it 
contains two additional amino acids (Met-Gly) at the N-terminus and 11 additional amino 
 
 
 
 
 
Figure 3–4. SDS-PAGE images showing purification of the recombinant Ddi2/3 
protein. 
 
A. SDS-PAGE gel image and the corresponding anti-GST western blot to demonstrate 
the purification of the recombinant Ddi2/3 protein obtained from pGEX expression 
system. Lane M, Precision Plus Protein™ Unstained Standards (Bio-Rad); lane 1, 
purified GST-Ddi2/3; lane 2, GST-Ddi2/3 incubated with PreScission Protease for 16 
hours; lane 3, recombinant Ddi2/3 after removal of the GST tag, which was used in the 
enzymatic assay. In the anti-GST western blot, the primary antibody was goat anti-GST, 
the secondary antibody was bovine anti-goat IgG. B. SDS-PAGE gel image to show the 
purification of the recombinant Ddi2/3 protein from pET28 expression system. Lane M, 
Precision Plus Protein™ Unstained Standards (Bio-Rad); lane 1, purified His6-tagged 
Ddi2/3.   
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 acids (Ala-Ala-Ala-Leu-Glu-His6) at the C-terminus. The purified Ddi2/3-His6 protein 
was analyzed by SDS-PAGE and its molecular weight is agreeable to its theoretical 
molecular weight of 26.6 kDa (Figure 3–4B). 
Maiergreiner et al. first isolated and identified cyanamide hydratase from the 
fungus M. verrucaria in 1991. The initial Cah enzymatic activity was determined by 
measuring both the consumption of cyanamide after incubation with Cah for 15-60 min, 
followed by a colorimetric assay at 530 nm (Steller et al., 1965), and the urea production. 
Since the decreased cyanamide and produced urea were of equal moles, the cyanamide 
hydratase activity of Cah was confirmed. The enzymatic activity is presented as a 
reaction rate, which needs to be measured with substrate concentration as high as five 
times KM to guarantee that the enzyme is saturated, and the reaction rate approaches Vmax 
 
 
 
Figure 3–5. Time course monitoring of urea formation by recombinant Ddi2/3.  
 
Protein applied was 0.7 μg (27 nM), cyanamide concentration was 44.8 mM, linear 
regression R
2
=0.998, calculated reaction rate was 11.4 n mol*min
-1
.  
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to ensure an accurate KM of the enzyme. Since the established KM of Cah is 27 mM, and 
Ddi2/3 is expected to have similar properties, the reported colorimetric assay is not likely 
to provide accurate data on enzymatic reaction rate with high cyanamide concentrations.  
Here a novel enzymatic assay to cyanamide hydratase was developed based on the 
determination of the product urea concentration. In principle, excessive urease in the 
cyanamide hydratase reaction allows immediate hydrolysis of the produced urea to 
ammonia, which can be quantified using a commercial ammonia assay kit. The kit was 
based on glutamate synthesis reaction, utilizing ammonia, alpha-keto glutarate (KGA) 
and glutamate dehydrogenase (GDH), monitoring the consumption of partner molecule 
NADPH (Mondzac et al., 1965; Olson and Anfinsen, 1953). By combining the two 
reactions, the real-time monitoring of urea formation can be archived. However, 
cyanamide produces a background in this assay, which limits the reaction to 15 min and 
less than 5 mM cyanamide. When more cyanamide was used in the reaction, 1/10 volume 
of the reaction was applied to the ammonia assay kit. The time courses of urea formation 
can be plotted, as shown in Figure 3–5. 
Initial velocities of the cyanamide hydration reaction to various concentrations of 
the substrate were measured, and an initial velocity versus substrate concentration curve 
for Ddi2/3 was plotted using cyanamide concentrations ranging from 0.3 mM to 88 mM 
for 0.027 μM (1 µg) Ddi2/3. As shown in Figure 3–6A, the kinetic curve was fitted by the 
program SigmaPlot12 with the Michaelis-Menten equation, in which the R
2
 of regression 
fitting reached 0.9997 and Ddi2/3 fits a one-site saturation model for cyanamide. In 
summary, the recombinant Ddi2/3 exhibits a KM = 17.3 ± 0.5 mM, Vmax= 15.9 ± 0.2 n 
mol* min
-1, 
and kcat = 9.8 ± 0.1 n mol * s 
-1 
* n mol 
-1
 enzyme.  
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To rule out the possibility that the N-terminal extra amino acid residues in the 
recombinant Ddi2/3 influence its activity, purified His6-tagged recombinant Ddi2/3 was 
also expressed from pET28 expression system and tested in the Cah assay, with similar 
activities obtained (Figure 3–6B). 1 µg of His-tagged Ddi2/3 was applied in the kinetic 
assay as described above. The kinetic curve was fitted by the program SigmaPlot12 with 
the Michaelis-Menten equation, the R
2
 of regression fitting reached 0.9962 and Ddi2/3 
 
 
 
Figure 3–6. Kinetic studies of prokaryotically expressed Ddi2/3. 
 
A. Michaels-Menten curve of Ddi2/3 obtained from pGEX expression system to 
cyanamide. 0.7 µg (27 nM) Ddi2 was applied in the assay. The urea formation rates to 
0.3 mM-88 mM cyanamide were measured. B. Michaels-Menten curve of Ddi2/3 
obtained from pET28 expression system to cyanamide. 1.0 µg (37.6 nM) Ddi2 was 
applied in the assay. The urea formation rates to 5 mM-100 mM cyanamide were 
measured. Non-linear regression was determined by the SigmaPlot12 program with the 
Michaels-Menten equation.   
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 fits a one-site saturation model for cyanamide. In summary, the recombinant His-tagged 
Ddi2/3 exhibits a KM = 16.5 ± 2.0 mM, Vmax= 15.4 ± 0.6 n mol* min
-1, 
and kcat = 6.8 ± 
0.3 n mol * s 
-1 
* n mol 
-1
 enzyme.  
 
3.3.2. Screen for Inhibitors to Ddi2/3’s Enzymatic Activity 
Maiergreiner et al. reported that Cah displayed high specificity on cyanamide. 
Other compounds closely related chemically to cyanamide, such as formylcyanamide 
(HCO-NH-CN), acetylcyanamide (H3C-CO-NH-CN), acetonitrile (H3C-CN), cyanate 
(OCN-), cyanide (CN-), dicyandiamide (H2N-CNH-NH-CN) cyanourea (H2N-CO-CNH-
CN), formamide (H2N-COH), urea (H2N-CO-NH2), or creatine, were incubated with Cah, 
but the chemicals were not hydrated to any detectable extent.  
The inhibitions of Cah by a variety of chemicals were also studied. Maiergreiner 
et al. reported that the enzymatic activity is sensitive to chelating agents such as EDTA or 
o-phenanthroline, pointing to a functional role of zinc in the protein. Compounds 
containing structural elements of cyanamide, such as urea, dicyandiamide, azide (N-NN
-
), 
hydroxylamine (H2N-OH), thiocyanate (SCN
-
), or cyanate (OCN
-
) the activity. The most 
potent inhibitor among them is cyanide (Maiergreiner et al., 1991). 
Based on his report, a series of chemicals were selected and tested in cyanamide 
hydratase assay to determine whether they are inhibitors to Ddi2/3. These chemicals 
include metal chelates, such as ethylenediaminetetraacetic acid (EDTA), sodium azide; 
chemicals with structural similarities to cyanamide, such as cyanide salt, cyanate salt, 
thiocyanate salt, acetonitrile, and acetohydroxamic acid were also tested. 
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The purified Ddi2/3 protein was adjusted to 0.5 mg/ml (0.019 mM), and 
incubated with 10 mM of possible inhibitors, including EDTA, cyanide (NaCN), urea, 
hydroxyurea, azide (NaN3) cyanate (KOCN), thiocyanate (NaSCN), acetonitrile (CH3CN) 
and acetohydroxamic acid (AHA), at room temperature for 30 min. The above mixtures 
were then incubated with 5 mM cyanamide for another 2 h and the remaining cyanamide 
was monitored by the colorimetric assay. PBS buffer was used as a negative control; 
 
 
 
Figure 3–7. Cyanamide hydratase assay of Ddi2/3 in the presence of inhibitors.  
 
His-tagged Ddi2/3 was adjusted to 0.5 mg/ml (0.019 mM) and incubated with 10 mM 
each of chemicals for 30 min before incubation with 5 mM cyanamide. Remained 
cyanamide was monitored by a colorimetric assay as previously described (Section 
2.4.2. ). Three independent assays were performed to calculate the mean and standard 
deviations. 
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 A530nm of the negative control was taken as 100%. Consumed cyanamide reflected the 
enzymatic activity in the presence of each chemical. As shown in Figure 3–7, cyanide 
shows the strongest inhibition of Ddi2/3’s enzymatic activity. In addition to cyanide, 
hydroxyurea, azide and AHA also display moderate inhibitory effects to Ddi2/3. Urea 
and cyanate have little impact on the Ddi2/3’s activity, the rest of chemicals do not show 
any inhibition of Ddi2/3’s activity. 
 
3.3.3. The HD Domain Is Required for Ddi2/3’s Enzymatic Activity 
HD domains are found in a superfamily of enzymes with metal-dependent 
phosphohydrolase activity (Aravind and Koonin, 1998). The HD domain is named due to 
the most conserved HD residues in the region, and they have displayed a 
characteristic …H…HD….D… pattern. The doublet HD residues are the signature of HD 
domain. The conserved HD residues are have been identified as metal-binding ligands, 
and substrates interact with the surrounding amino acids, from structural studies of 
several HD family members (Brown et al., 2006; Kondo et al., 2007). Mutations in the 
conserved HD residues drastically affect the enzymatic activity (Zimmerman et al., 2008). 
Since the cyanamide hydratase domain identified in Ddi2/3 belongs to the HD domain 
superfamily, it is wondered whether the HD domain contributes to the cyanamide 
hydratase activity. In NCBI conserved domain database (Marchler-Bauer et al., 2015), 
cyanamide hydratase domain family has 9 entries including Cah. Among the rest 8 
proteins, only Ddi2/3 has been identified. It is noticed that all the 9 proteins are from 
fungi, especially from Ascomycota phylum. The sequence alignment of all 9 putative 
cyanamide hydratase domain containing proteins (Figure 3–8) reveals 7 conserved HD 
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residues including Ddi2/3-H55, H88, D89, H137, D139 D160, and H205. The doublet 
HD pair, H88 and D89, is the signature of HD domain. If these residues were critical to 
the Ddi2/3 enzymatic activity, site-specific mutations of these residues would 
compromise the enzymatic activity.   
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Figure 3–8.Sequence alignment of cyanamide hydratase domain containing proteins. 
 
Amino acid sequences of proteins were retrieved from the NCBI conserved domain 
database (Marchler-Bauer et al., 2015). Sequence alignment was processed by ClustalW 
(Larkin et al., 2007) and presented by ESpript 3.0 (Robert and Gouet, 2014), globe score 
was set as 0.8. GenBank names, the source organism abbreviation are given in the left-
hand column. Sc, S.cerevisiae; Mv, M. verrucaria; Fg, Fusarium graminearum; An, 
Aspergillus nidulans; Ca, Candida albicans; Ao, Aspergillus oryzae; Dh, Debaryomyces 
hansenii. Identified residues are colored in red. Conserved HD residues are pointed out 
by stars.  
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At last, two such Ddi2/3 double mutants, Ddi2/3-H88A; D89A and Ddi2/3-
H137A; D139A, in which both HD residues were mutated to alanine, were created, and 
their enzymatic activities were tested. During recombinant protein preparation, it was 
noticed that the H137A; D139A mutation on Ddi2/3 severely affected protein yield and 
solubility, while the Ddi2/3-H88A; D89A protein was readily expressed and purified 
(Figure 3–9A). As shown in Figure 3–9B, both HD mutant proteins completely lost their 
 
 
 
 
Figure 3–9. SDS-PAGE gel showing purification of Ddi2/3-H88A; D89A and Ddi2/3-
H137A; D139A, and the enzymatic activities of the above Ddi2/3 mutants. 
 
A. SDS-PAGE gel to demonstrate the purification of the recombinant Ddi2/3 proteins and 
its mutants obtained from pGEX expression system. Lane M, Precision Plus Protein™ 
Unstained Standards (from Bio-Rad); lane 1, purified wild type Ddi2/3; lane 2, purified 
Ddi2/3-H88A; D89A; lane 3, purified Ddi2/3-H137A; D138A. B. Time courses of urea 
formation of Ddi2/3 and its site-specific mutants. Each reaction contained 44.8 mM 
cyanamide and 0.7 µg wild type Ddi2/3 or 10 µg mutant Ddi2/3. () wild type Ddi2/3; 
() Ddi2/3-H88A; D89A and () Ddi2/3-H137A; D139A. Note that Ddi2/3-H137A; 
D139A was not purified to the same extent as WT and Ddi2-H88D89AA proteins.  
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 cyanamide hydratase activity, indicating that the HD domain is essential for the above 
enzymatic activity. It also suggests that the required metal ions can be incorporated into 
prokaryotically expressed Ddi2/3.  
 
3.3.4. DDI2/3 is Massively Induced by Cyanamide at the Transcriptional Level 
CAH was reported as a cyanamide inducible gene (Stransky and Amberger, 1973). 
Since DDI2/3 encodes a cyanamide hydratase that is a homolog of CAH, it is wondered 
whether DDI2/3 may also be induced by cyanamide. To test this hypothesis, the lacZ 
gene encoding β-galactosidase was fused to DDI2/3 promoter as a reporter gene. The 
amount of expressed β-galactosidase after induction was monitored by a β-gal assay; the 
fold induction of β-galactosidase after treatment represented the response of DDI2/3 
promoter to the induction signal. Results of the β-gal assay were as shown in Figure 3–
10A, indicating that as low as 0.01% MMS can induce DDI2/3 over 150-fold, and 
treatment with 0.03% MMS achieves the highest induction of over 350-fold. Under the 
same experimental conditions, cyanamide can lead to even higher induction than MMS. 
As shown in Figure 3–10B, 10 mM cyanamide reached induction of over 600-fold. 
Hence, DDI2/3 is identified as a cyanamide-inducible gene. Moreover, compared to 
MMS, cyanamide induction can archive higher induction fold. 
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Figure 3–10. β-gal assay with DDI2/3-lacZ to MMS and cyanamide. 
A. Induction of DDI2/3-lacZ by MMS. B. Induction of DDI2/3-lacZ by cyanamide. 
Experimental conditions are as described previously. β-gal assays were performed by 
Biss, M., the results after induction are shown as fold induction relative to untreated. All 
data represent the average of at least three experiments with standard deviations. Adopted 
from (Li et al., 2015). 
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3.3.5. DDI2/3 Confers Resistance to Both Cyanamide and MMS 
To characterize the biological functions of DDI2/3, two disruption cassettes with 
different selectable markers were created (Figure 3–11A) and applied in a sequential gene 
deletion procedure. Disruptions of DDI2/3 genes were confirmed by genome PCR. As 
shown in Figure 3–11B, the ddi2/3∆::HIS3 and ddi2/3∆::LEU2 single mutants contained 
a wild type copy and a copy of a selectable marker gene used in disruption, although the 
PCR method cannot distinguish which chromosomal copy was disrupted. Nevertheless, in 
the ddi2/3∆::HIS3 ddi2/3∆::LEU2 double mutant, both DDI2 and DDI3 genes were 
disrupted, and the strain no longer contained a wild type allele. The growth of the 
ddi2/3∆ single and double mutants was tested by a serial dilution assay in the presence of 
MMS or cyanamide. As shown in Figure 3–11C, the ddi2∆ ddi3∆ double mutant 
displayed increased sensitivity to cyanamide compared with the parental wild type strain, 
suggesting that DDI2/3 protects cells from cyanamide toxicity. It was surprising that the 
ddi2/3∆ single mutant displayed a level of sensitivity similar to the double mutant, 
suggesting that although DDI2 and DDI3 are identical genes, they are not simply 
redundant in function. Otherwise, the double mutant would show enhanced sensitivity 
than that of single mutant. Similarly, both single and double mutants displayed 
comparable levels of sensitivity to MMS.  
However, the ddi2/3Δ single mutant strain created in this way cannot identify 
which gene of the two copies was disrupted Two possibilities are proposed to explain the 
observation; the first hypothesis is that one copy of DDI2/3 is not transcribed, as a 
silenced or dysfunctional gene. The second hypothesis is that the toxicity of the present 
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chemical is not strong enough to let double mutants display enhanced sensitivity to single 
mutants. 
 
 
 
Figure 3–11. Sensitivity assays of yeast ddi2/3Δ and ddi2Δ ddi3Δ mutants. 
 
A. Scheme of disruptions of DDI2 and DDI3 gene in yeast by utilizing homologous 
recombination. Arrows represent the primers binding sites in PCR. B. Genomic PCR 
confirms the disruptions of DDI2/3 genes. C, D and E. Sensitivity assays with wild type 
yeast, ddi2/3Δ mutant and ddi2Δ ddi3Δ mutant to cyanamide and MMS. Notice that the 
pictures of panel C and D were taken after two days incubation while panel E shows the 
picture after three days incubation. Adopted from (Li et al., 2015).   
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To further distinguish the role of individual DDI2 and DDI3 gene, chromosomal 
deletion strains were created by Xin Xu, by targeting each of the two repeats, followed by 
deleting the single remaining DDI2 or DDI3 gene (Li et al., 2015). As seen in Figure 3–
11D, deletion of either single chromosome region alone is sufficient to confer cyanamide 
or MMS sensitivity regardless of further DDI2 or DDI3 deletion, which effectively rules 
out the first possibility. To test the second possibility, we thought that perhaps the agent 
concentration is the most influential parameter. Indeed, at higher cyanamide 
concentrations, the double mutant is apparently more sensitive than the single isogenic 
mutant (Figure 3–11E). When treated with 5 mM cyanamide, ddi2Δ ddi3Δ double mutant 
shows enhanced sensitivity than single mutant by about 10-fold. 
 
3.3.6. Endogenous Ddi2/3 Exhibits Cyanamide Hydratase Activity 
The study of recombinant Ddi2/3 has shown that it exhibits cyanamide hydratase 
activity. To further confirm that DDI2/3 genes encode cyanamide hydratase, endogenous 
Ddi2/3 isolated from yeast is required for the enzymatic assay. An ideal approach would 
be to purify endogenous Ddi2/3 from yeast cells through chromatography for the 
enzymatic analysis. An alternative approach is to tag the endogenous Ddi2/3 through 
genetic manipulations followed by affinity purification and enzymatic analysis. 
The first trial was to culture wild type yeast and the ddi2Δ ddi3Δ double mutant in 
media containing cyanamide, and remained cyanamide in media was monitored by 
utilizing the colorimetric assay as previously described. In this colorimetric assay, the 
A530nm is proportional to the cyanamide concentration up to 5 mM, as shown by a 
standard curve in Figure 3–12A. As the result shown in Figure 3–12B, after 36 hours 
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incubation, wild type cells used 80% cyanamide in the medium, while about 90% 
cyanamide remained in the ddi2Δ ddi3Δ double mutant, indicating that the consumption 
of cyanamide in the culture medium is primarily due to the activity of DDI2/3 gene 
products. 
The above result shows that wild type yeast cells consume more cyanamide in the 
medium than the ddi2Δ ddi3Δ double mutant cells, but the assay is time-consuming and it 
is an indirect measurement. To develop a more rapid and direct assay, the yeast whole 
cell extract (WCE) was prepared and tested in a cyanamide hydratase assay based on a 
colorimetric assay as previously described (Zhang et al., 2005). Yeast WCEs were 
adjusted to 1 mg/ml and was incubated with 5 mM cyanamide solution, and the 
colorimetric assay was used to monitor the reduction of cyanamide as quantitative 
measurement of the cyanamide hydratase activity. As shown in Figure 3–12C, the 
cyanamide concentration in the reaction mixture remained stable over 24 h in the absence 
of WCE, and the addition of WCE from wild type cells without the prior cyanamide 
treatment did not alter the cyanamide concentration. The addition of WCE from 
cyanamide-induced wild type cells resulted in the reduction of cyanamide concentration 
by 1/3 in 5 h and more than fivefold in 24 h, indicating that the cyanamide hydratase 
activity in yeast cells is inducible by cyanamide. In contrast, the WCE from the 
cyanamide-treated ddi2/3∆ single mutant cells showed moderate activity to use 
cyanamide, and WCE from cyanamide-treated ddi2∆ ddi3∆ double mutant cells was 
unable to reduce cyanamide concentration even over 24 h. The above observations 
indicate that DDI2/3 is solely responsible for the cyanamide metabolism in vivo and most 
likely encodes cyanamide hydratase. 
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Figure 3–12. Cyanamide hydratase assays with yeast WCEs.  
 
A. A standard curve of cyanamide in a colorimetric assay. B. Cyanamide hydratase assays 
with yeast cultures. C. Cyanamide hydratase assays with yeast WCEs. WCEs were 
adjusted to 1 mg/ml and incubated with 5 mM cyanamide. Colorimetric assays were 
processed as previously described in Section 2.4.2.  
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3.3.7. Ddi2/3 Is Not Involved in Its Transcriptional Regulation Pathway 
The fact that DDI2/3 is highly induced by cyanamide, and the gene itself encodes 
a functional cyanamide hydratase, raises a possibility that DDI2/3 may serve as a sensor 
in its induction pathway. To test whether Ddi2/3 are involved in the regulatory circuit, β-
gal assays were performed by using YEpDDI2-lacZ with the treatment of both cyanamide 
and MMS in the ddi2/3Δ single mutant and ddi2∆ ddi3∆ double mutant. If the Ddi2/3 is 
required in transcription regulation, the disruptions of DDI2/3 would compromise the 
induction by MMS and cyanamide. Especially in the ddi2Δ ddi3Δ double mutant, since 
no Ddi2/3 is present, the induction would be abolished. However, as seen in Figure 3–13,  
 
 
 
Figure 3–13. β-gal assays to MMS and cyanamide induction in ddi2/3Δ and ddi2Δ 
ddi3Δ mutants by using YEpDDI2-lacZ. 
 
Deletion of both DDI2 and DDI3 genes does not affect YEpDDI2-lacZ induction by 
cyanamide or MMS. β-gal assays were performed by Biss, M., the results after induction 
are shown as fold induction relative to untreated. All data represent the average of at least 
three experiments with standard deviations. Experimental conditions are as described in 
section 2.6.   
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deletion of both DDI2 and DDI3 genes does not compromise the induction fold of MMS 
and cyanamide at all.  
Figure 3–13 is presenting that both cyanamide and MMS activates the 
transcription of DDI2/3, and archive high fold induction of gene expression, in all 
ddi2/3Δ mutant strains. The disruptions of DDI2/3 only has little effect to lower the 
induction fold, but still archives over 200 fold. While the induction of MMS is even less 
affected by the gene disruptions. This observation indicates that Ddi2/3 is not involved in 
the transcriptional regulation of its own gene. 
 
3.3.8.  DDI2/3 Gene May Not Be Involved In Known DNA Repair Pathways  
To investigate which DNA repair pathway Ddi2/3 may play a role, MAG1, RAD1 
and YAP1 genes were disrupted from the ddi2Δ ddi3Δ double mutant to make three triple 
mutants strains: ddi2Δ ddi3Δ mag1Δ, ddi2Δ ddi3Δ rad1Δ, and ddi2Δ ddi3Δ yap1Δ.  
MAG1 encodes a 3-methyl-adenine DNA glycosylase, which is involved in 
protecting DNA against alkylation damage. Mag1 initiates a BER pathway by removing 
damaged bases to create AP sites that are subsequently repaired (Xiao et al., 1994). The 
mag1Δ strain displays enhanced sensitivity to alkylating agents, such MMS (Chen et al., 
1990; Chen and Samson, 1991; Prakash and Prakash, 1977). RAD1 encodes a subunit of a 
single-stranded DNA endonuclease playing a role in the NER pathway and double-strand 
break repair (Prakash and Prakash, 2000; Symington, 2002). The rad1Δ mutant is 
sensitive to a variety of DNA-damaging agents including X-rays and UV radiation, and 
DNA synthesis inhibitors (Higgins et al., 1983). YAP1 encodes a basic leucine zipper 
(bZIP) transcription factor required for oxidative stress tolerance (Moye-Rowley et al., 
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1989). The yap1Δ mutant shows, enhanced sensitivity to oxidizing and reducing agents, 
carcinogens, antifungals, alkylating agents, metals, DNA metabolism inhibitors, protein 
and sterol synthesis inhibitors (Schnell et al., 1992; Wemmie et al., 1994). Disruption of 
YAP1 increases the sensitivity of a yeast genotoxicity testing system to a broad range of 
DNA damaging agents (Zhang et al., 2011). 
Constructed triple mutants strains: ddi2Δ ddi3Δ mag1Δ, ddi2Δ ddi3Δ rad1Δ, and 
ddi2Δ ddi3Δ yap1Δ were applied in gradient plates assays to test their sensitivities to 
DNA damaging agents, as shown in Figure 3–14. In panel A, the plate contained a 
gradient amount of MMS up to 0.03%, the length of growth reflected the resistance of 
cells to MMS. Here shows that, compared to wildtype, the ddi2Δ ddi3Δ double mutant 
did not show enhanced sensitivity, properly because the concentration of MMS was low, 
while the mag1Δ mutant was far more sensitive to MMS, since the growth of the mutant 
was much weaker than wildtype. If DDI2/3 is involved DNA repair to MMS damage, the 
ddi2Δ ddi3Δ mag1Δ triple mutant should display enhanced sensitivity than the mag1Δ 
single mutant. However, the ddi2Δ ddi3Δ mag1Δ triple mutant did not perform as 
expected, in fact, it displayed almost same sensitivity as mag1Δ single mutant (Figure 3–
14A), indicating that ddi2/3 had no synergistic effect to mag1. This observation implies 
that DDI2/3 genes are not involved in DNA repair to MMS-induced damage. 
4-Nitroquinoline 1-oxide (4-NQO) is a quinoline derivative and a tumorigenic 
compound. 4-NQO mimics the biological effects of UV light on various organisms 
(Ikenaga et al., 1975). Both 4-NQO and its metabolite 4-hydroxyaminoquinoline 1-oxide 
(4-HAQO) bind covalently to cellular macromolecules, such as nucleic acids and proteins 
(Tada, 1975). 4-NQO also damages DNA through the production of reactive oxygen 
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species thought to arise from the enzymatic reduction of its nitro group (Arima et al., 
2006). In response to damage from 4-NQO, cells attempt to repair and initiate a 
transcriptional response to detoxify the cell from 4NQO and its metabolites (Fry et al., 
2005). DNA lesions caused by 4-NQO is usually corrected by the NER pathway. Since 
RAD1 is required for NER, inactivation of the gene makes cells very sensitive to 4-NQO, 
as shown in Figure 3–14B. Moreover, the yap1Δ mutant also shows increased sensitivity 
to 4-NQO (Figure 3–14C) because the chemical functions as an oxidation agent as well. 
Meanwhile, ddi2Δ ddi3Δ double mutant displayed same resistance as wild type. 
However, both ddi2Δ ddi3Δ rad1Δ and ddi2Δ ddi3Δ yap1Δ triple mutants did not 
show enhanced sensitivities compared to relative either rad1Δ or yap1Δ single mutant, 
indicating that ddi2/3 genes are not synergistic to either rad1 or yap1.  
Although we can rule out a possibility that the above triple mutants or other 
uncharacterized triple mutants display an enhanced sensitivity to a specific DNA 
damaging agent, the above observations collectively imply that DDI2/3 is unlikely to 
play a direct role in DNA repair.   
 
 
 
 
100 
 
 
Figure 3–14. Gradient plate assays of triple mutants yeast cells to MMS and 4-NQO. 
 
The addition of disruptions of DDI2 and DDI3 did not make cell display enhanced 
sensitivity than a mag1Δ, rad1Δ and yap1Δ single mutant. Two ddi2Δ ddi3Δ double 
mutants and seven triple mutant strains were applied on plates to avoid systematic errors. 
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3.4. Summary and Discussion 
3.4.1. DDI2/3 Encodes a Functional Cyanamide Hydratase 
In this study, biochemical activity and biological functions of two duplicated 
genes, DDI2 and DDI3, from budding yeast S. cerevisiae were investigated. 
Prokaryotically expressed recombinant Ddi2/3 protein was identified to have cyanamide 
hydratase activity that can catalyze the urea formation from cyanamide. Enzymatic assay 
with yeast WCEs also confirmed cyanamide hydratase activity of endogenous Ddi2/3. 
Similar to its homolog Cah found in M. verrucaria, Ddi2/3 was also identified as a 
cyanamide inducible gene. Disruptions of Ddi2/3 genes made cells more sensitive to both 
MMS and cyanamide. 
Cyanamide hydratase (EC 4.2.1.69, or urea hydrolase) is a poorly studied enzyme 
and to date, there is only one report on its enzymatic activity based on proteins extracted 
from the fungus M. verrucaria (Maiergreiner et al., 1991). Our study reports for the first 
time real-time monitoring of a recombinant cyanamide hydratase reaction and the 
determined KM for Ddi2/3 (17 mM) is comparable to that of the reported native M. 
verrucaria Cah (27 mM). This relatively low substrate affinity indicates that either 
cyanamide is not a physiological substrate, or that Ddi2/3 and Cah are not effective 
enzymes to hydrolyze cyanamide into urea. 
Besides the enzymatic assay, several pieces of evidence are consistent with 
Ddi2/3 as a bona fide cyanamide hydratase. Firstly, since cyanamide is synthesized by 
limited plants as vetch species, the presence of such an enzyme may be vital to the 
survival of soil bacteria and fungi. Secondly, the expression of DDI2/3 is highly induced 
by cyanamide, which may explain the poor efficiency of the enzyme for the reaction 
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(kcat/KM = 5.67 * 10
2
 M
-1
s
-1
). Thirdly, it is shown that deletion of DDI2 and DDI3 genes 
sensitize cells to as low as 2 mM cyanamide in the medium, suggesting that the genes 
protect cells from cyanamide toxicity. Fourthly, yeast cells lacking DDI2/3 genes or wild 
type cells without prior cyanamide induction were unable to metabolize cyanamide, 
whereas wild type cells treated with cyanamide can metabolize cyanamide, indicating a 
cyanamide-inducible hydratase activity in vivo. Finally, microorganisms with putative 
cyanamide hydratase activity may be able to utilize cyanamide as a carbon and/or 
nitrogen source. To this end, it is of great interest to notice that the budding yeast DUR1 
and DUR2 genes encode two ureases that effectively convert urea to ammonia and carbon 
dioxide (CO2) (Olson and Anfinsen, 1953). 
 
3.4.2. Cyanamide Hydratase Domain Is a Subfamily of HD Domain Family and HD 
Domain Is Responsible For Its Activity 
The cyanamide hydratase domain belongs to HD domain superfamily due to the 
most conserved histidine and aspartate residues in the region. Though HD domain was 
reported as representing a superfamily of metal-dependent phosphohydrolases existed 
from bacteria to human (Aravind and Koonin, 1998), members that displaying other 
enzymatic activities were also discovered, such as oxygenase MIOX, and hydratase Cah. 
Experimental data showed that the mutations on the doublet HD residues of Ddi2/3 make 
the protein lose the enzymatic activity. The observation confirms that the conserved HD 
residues are critical for the enzymatic activity.  
Neither Cah nor Ddi2/3 has been reported having any phosphohydrolase activity, 
but we cannot rule out the possibility. A general phosphatase substrate p-nitrophenyl 
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phosphate (p-NPP) was incubated with Ddi2/3 to test the possible phosphatase activity, 
while Calf-intestinal alkaline phosphatase (CIP) was used as positive control. But even 
after overnight incubation, Ddi2/3 incubation did not break down any p-NPP (data not 
shown), this indicates that the protein does not have any phosphatase activity.  
 
3.4.3. DDI2/3 Gene Is Unlikely Involved In DNA Repair  
As its name indicated, the transcriptional level of DDI2/3 is highly induced by a 
typical DNA-damaging agent MMS; thus, it was hypothesized that the gene is involved 
in DNA repair to MMS damage. Indeed, the disruption of DDI2/3 makes yeast cells more 
sensitive to MMS. But when combining ddi2Δ ddi3Δ with inactivation of a representative 
DNA damage repair gene, MAG1, RAD1 and YAP1, resulting triple mutants did not 
display enhanced sensitivities than the corresponding mag1Δ, rad1Δ, and yap1Δ single 
mutant cells to DNA damage caused by MMS and 4-NQO, indicating that ddi2/3 is not 
synergistic with either of the three DNA repair defects. In other words, DDI2/3 is not 
involved in either BER (represented by MAG1), NER (represented by RAD1) pathway or 
even a broad sense of DNA damage (represented by YAP1). Therefore, following studies 
on DDI2/3 were focused on its cyanamide hydratase activity instead of DNA repair 
ability. 
 
3.4.4. Proteins Containing a Cyanamide Hydratase Domain Are Evolutionarily 
Related  
In the NCBI conserved domain database (Marchler-Bauer et al., 2015), to date 
only nine proteins including Cah and Ddi2/3 are identified containing cyanamide 
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hydratase domain. All these protein are from fungi, especially from Ascomycota phylum. 
Among them, only Cah has been demonstrated to have a cyanamide hydratase activity. A 
phylogenetic tree was constructed based on the sequences of these nine proteins. As 
shown in Figure 3–15, the homology among all nine proteins indicates that they are 
evolved from one ancestor. It is likely that all nine proteins have cyanamide hydratase 
activity. Since limited plants synthesis cyanamide as a chemical defense to soil fungi, it’s 
reasonable for the fungi bearing a cyanamide degradation pathway to survive. 
 
 
 
 
Figure 3–15. A phylogenetic tree illustrating the homology among available 
cyanamide hydratase domain containing proteins. 
 
Amino acid sequences of proteins were retrieved from the NCBI conserved domain 
database. GenBank names, the source organism abbreviation are given in the left-hand 
column. Sc, S.cerevisiae; Mv, M. verrucaria; Fg, F. graminearum; An, A. nidulans; Ca, 
C. albicans; Ao, A. oryzae; Dh, D. hansenii. MEGA7 (Kumar et al., 2016) was used to 
predict the phylogenetic tree based on the maximum likelihood. The phylogeny was 
tested by using a bootstrap method, and the bootstrap replications were set as 1,000. 
 
 
 Sc Ddi2/3
 Dh DEHA2A01694p
 Ca CaO19.9024
 An AN6421.2
 Ao BAE65603.1
 Ao BAE61376.1
 An AN5411.2
 Mv Cah
 Fg FG11132.199
100
90
97
100
52
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3.4.5. The Induction Pathway of DDI2/3 Is Unique Among Known DNA Damage-
Inducible Genes  
In the β-gal assay with plasmid YEpDDI2-lacZ, both cyanamide and MMS 
strongly induced DDI2/3 gene expression, indicating that the transcription of DDI2/3 is 
tightly controlled. Indeed, its basal transcriptional level is barely detectable by northern 
hybridization. Since the basal level of LacZ in the β-gal assay is very low, any induction 
of transcriptional level of DDI2/3 gene would lead to significant high induction fold. In 
other words, the DDI2/3 promoter is sensitive to transcriptional induction. However, so 
far, only two chemicals, MMS, and cyanamide were reported can highly induce DDI2/3 
transcription, indicating that its transcription is under tightly regulated, and it is activated 
to certain inducers. This specific response is different from known DNA damaging 
inducible genes, whose transcriptions can be activated be a series chemical that causes 
the same kind of DNA damage. Therefore, the transcription regulation pathway of 
DDI2/3 is unique. 
So what is in common between MMS (CH3SO2OCH3) and cyanamide (NH2CN) 
that can activate DDI2/3 transcription? In fact, the two chemicals do not have a similar 
structure or same functional group. To their toxicities of the two chemicals, MMS 
performs as a methylating agent mainly causes DNA damage. It also methylates proteins 
including histones affecting a broad range of cellular events. Whereas, cyanamide was 
reported as an inhibitor of aldehyde dehydrogenase and carbonic anhydrase, therefore, it 
affects ethanol metabolism. However, it has not been reported having DNA damaging 
effect, even if it has undiscovered DNA-damaging ability, it will not be a methylating 
agent as MMS because cyanamide does not have a methyl group at all. Also, MMS does 
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not appear to be a small molecular inhibitor of Ddi2/3 enzymatic activity (data not 
shown), indicating MMS is not a substrate of Ddi2/3. Therefore, the two has no common 
in function compared to cyanamide. Two distantly related chemicals can activate DDI2/3 
transcription; the regulation pathway would contain a sensor that can detect both 
chemicals to start transcription process.  
The experimental data confirms that disruptions of DDI2/3 genes did not 
compromise the activation of DDI2/3 transcription by MMS and cyanamide, in other 
words, Ddi2/3 does not perform as a “sensor” in the transcription regulation pathway.  
 
3.4.6. Other Identical Genes at Upstream and Downstream Of DDI2/3 Are Involved 
In Vitamin B12 Synthesis 
The Saccharomyces genome database reveals that the haploid laboratory strain 
contains up to 30% genomic duplications (Coissac et al., 1997). However, the 
chromosome VI and XIV regions where DDI2 and DDI3 reside are the only areas (except 
the rDNA cluster) in which the nucleotide sequences are highly conserved with three 
genes and their flanking regions nearly identical in sequence.  
Though SNO2 and SNZ2 genes are also present in the duplicated region, however, 
their paralogs SNO3 and SNZ3 are not encoding identical proteins. Among these three 
pairs of genes, SNO2/3 and SNZ2/3 are found to be regulated by thiamine (Padilla et al., 
1998; Rodríguez-Navarro et al., 2002), and their adjacent THI5 and THI2 genes are 
related to thiamine (vitamin B1) synthesis (Wightman and Meacock, 2003), suggesting 
that the duplicated regions contain a gene cluster associated with thiamine metabolism. 
Thiamine is a crucial physiological molecule since it serves as a cofactor (in the form of 
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thiamine diphosphate) for several enzymes involved primarily in carbohydrate catabolism. 
Thiamine is composed of pyrimidine and thiazole rings linked by a methylene bridge, 
while cyanamide can be utilized in pyrimidine synthesis (Hulme et al., 2008). Hence, it is 
plausible to speculate that cyanamide could be used by Ddi2/3 in pyrimidine rings and 
further in thiamine synthesis. Future studies are needed to reveal whether and how Ddi2/3 
is involved in thiamine metabolism.  
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CHAPTER 4 CRYSTALLOGRAPHIC STUDY OF Ddi2/3 
 
4.1. Abstract 
Ddi2/3 encoded by DDI2/3 genes in yeast S. cerevisiae was identified as a 
cyanamide hydratase that catalyzes cyanamide conversion to urea. Ddi2/3 belongs to HD 
domain superfamily due to the presence of conserved histidine and aspartate residues. 
Site-specific mutations with conserved HD residues result in the loss of enzymatic 
activity of Ddi2/3, indicating that the HD domain is responsible for the enzyme function. 
Cyanamide hydratase represents a special subclass of HD domain proteins that has not 
been well characterized. Crystals of recombinant Ddi2/3 were obtained and its structural 
model was constructed based on X-ray diffraction data at a resolution of 2.6 Å. The 
structural model shows that Ddi2/3 is mainly composed of helices. Native Ddi2/3 forms 
dimers and each monomer coordinates a zinc ion. Zinc is observed coordinating with 
conserved HD residues H55, H88, D89, and a water/hydroxyl group, forming tetrahedral 
geometry. Site-specific mutations of residues surrounding the metal, H137, Q138, T157 
and N161, resulted in the loss of enzymatic activity. This observation indicates that 
theses residues are involved in the metal binding in catalysis. Substrate binding was 
observed by soaking crystals of Ddi2/3 mutants, Ddi2/3-H137N and Ddi2/3-T157V with 
cyanamide at 0.35M in cryo-buffer before performing X-ray diffraction.  
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4.2. Introduction 
DDI2 and DDI3 are duplicated genes in yeast S.cerevisiae; the proteins encoded 
by the genes were identified as having cyanamide hydratase activity that catalyzes 
cyanamide conversion to urea. Ddi2/3 is characterized containing a cyanamide hydratase 
domain, which belongs to the HD domain superfamily due to the presence of conserved 
histidine and aspartate residues. Site-specific mutations with conserved HD residues 
result in the loss of enzymatic activity of Ddi2/3, indicating that the HD domain is 
responsible for the enzyme function. Most identified HD domain proteins are 
characterized as being metal-dependent phosphohydrolases; hence cyanamide hydratase 
represents a special subgroup of HD domain proteins. Little was known about this family 
of proteins since its discovery in 1991 (Maiergreiner et al., 1991). Ddi2/3 from yeast is a 
second identified cyanamide hydratase, and proteins that were characterized containing 
cyanamide hydratase domain are all from fungi, in particular the Ascomycota phylum. 
Homologs of Ddi2/3 were also found in Candida albicans, Aspergillus nidulans, and 
Aspergillus oryzae. More interestingly, two genes of DDI2/3 homologs were found in 
both Aspergillus species. Although proteins that are predicted to display cyanamide 
hydratase activity were found in bacteria, no biochemical studies were reported.  
The hydration of cyanamide (H2N-CN) to urea (H2N-CO-NH2) is similar the 
reactions carried out by nitrile hydratase (NHase), which catalyze the hydration of nitriles 
(R-CN) to the corresponding amides (R-CO-NH3). Although the two categories of 
enzymes catalyze the same reactions, they have different distributions in organisms and 
are not evolutionally related. Most of the identified NHases are from bacteria, only a few 
have been discovered in eukaryotes. In addition, NHases and cyanamide hydratase are 
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reported as having very high specificities to their own substrates; there is no report 
indicating that NHases can hydrate cyanamides.  
Cyanamide hydratase represents a special subclass of the HD domain protein and 
has not been extensively studied. Previously studies suggested that the HD domain is 
responsible for cyanamide hydratase activity of Ddi2/3. Here a crystallographic study of 
Ddi2/3 was conducted to reveal the structure of the protein and the working mechanism 
of the enzyme. 
This study will help to characterize this class of HD domain proteins and enrich 
our knowledge of HD domain superfamily. 
 
4.3. Results 
4.3.1. Purification of Recombinant Ddi2/3 for Crystallization 
Yunhua Jia from Dr.Moore’s lab first harvested recombinant Ddi2/3 and 
successfully obtained crystals of Ddi2/3. Recombinant Ddi2/3 was expressed in the form 
of a GST fusion protein; after purification, the GST tag was cleaved by PreScission 
protease (GE healthcare) and removed by passing through a glutathione Sepharose 
column (GE healthcare). However, residual GST was still present after the affinity 
purification. To achieve high purity (greater than 95%) of Ddi2/3 for protein 
crystallization, a further purification was required to remove the remaining GST. 
After removing the N-terminal GST tag, the recombinant Ddi2/3 protein has a 
theoretical molecular weight of 25.9 kDa with pI (isoelectric point) of 5.49, while the 
GST tag from vector pGEX-6P-1 after cleavage has a theoretical molecular weight of 
26.4 kDa and its pI is 5.73. The MWs of two proteins are too close to be separated by 
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size-exclusive gel filtration. Ion exchange chromatography (IEC) is the only one practical 
method to separate the two. Samples were dialyzed in low salt buffer (20 mM Tris-HCl 
[pH 8.0], 20 mM NaCl, 4 mM DTT), and then were loaded on a RESOURCE Q column 
(GE Healthcare). The protein was eluted by using a gradient salt buffer containing up to 
25% high salt buffer (20 mM Tris-HCl, [pH 8.0], 2 M NaCl, 4 mM DTT) (Figure 4–1A). 
Two peaks were observed during elution, after identification using SDS-PAGE, it 
showed that Ddi2/3 was firstly eluted, followed by elution of GST. 
 
 
 
Figure 4–1. IEC elution profile showing purification of Ddi2/3 
 
A. Elution profile of IEC; B. SDS-PAGE gel image to show the separation of Ddi2/3 and 
GST in IEC. Lane M, Precision Plus Protein™ Unstained Standards (Bio-Rad); lane 1- 
lane 8, elution fractions #26 - #33. Elution fractions that contained pure Ddi2/3 were 
collected and concentrated.   
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Elution fractions were evaluated on an SDS-PAGE for protein purity, as shown in 
Figure 4–1B. Fractions that contain pure Ddi2/3 were collected and concentrated to 10 
mg/ml by using UltraSpin concentration tube with cut-off molecular weight (COMW) of 
10 kDa (EMD Millipore). The concentrated protein was dialyzed in storage buffer (20 
mM bis-Tris propane [pH 7.0], containing 50 mM NaCl and 0.01 mM ZnCl2) and the 
purity was checked by SDS-PAGE. 
 
4.3.2. Crystallization of recombinant Ddi2/3 
Protein crystallization conditions were screened by using crystallization kit, 
including Wizard I, Wizard II (Rigaku) and AmSO4 kit (QIAGEN), 0.8 µl of Ddi2/3-
H88A; D89A (20 mg/ml) or Ddi2/3 (10 mg/ml) was mixed with equal volume of 
reservoir buffer and setting as hanging drops. The 24-well crystallization plate was sitting 
at room temperature for three days before reviewing under a microscope. 
Crystals of the double mutant Ddi2/3-H88A; D89A were observed in 0.1 M Tris-
HCl [pH 7.0], containing 1.0 M potassium/sodium (K/Na) tartrate and 0.2 M LiSO4. The 
oval shaped crystals grew to the size of 0.3 × 0.8 × 0.3 mm after one-week incubation 
(Figure 4–2B). However, the crystals displayed poor diffraction properties; therefore no 
useful diffraction data were obtained.  
Crystals of Ddi2/3 were not observed in any conditions from the kit. Yunhua Jia 
from Dr. Moore’s lab has grown crystals of Ddi2/3 when using MES [2-(N-morpholino) 
ethane sulfonic acid] buffers as reservoir buffer with the presence of ammonia sulfate. 
Following her suggestion, a series of MES buffers in the range of pH 5.0 to pH 7.0, 
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid ) buffers from pH 6.5 to pH 
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8.0 and Tris-HCl buffers from pH 6.5 to pH 8.0 were tested, with the addition of 0.9 M to 
1.3 M ammonium sulfate and 0.2 M.  
 
 
 
 
Figure 4–2. Crystallization of Ddi2/3 and Ddi2/3-H88A; D89A 
 
A. SDS-PAGE gel image to show the purity of Ddi2/3-H88A; D89A used for 
crystallization. Lane M, Precision Plus Protein™ Unstained Standards (Bio-Rad); lane 1, 
concentrated Ddi2/3-H88A; D89A for crystallization. B. Crystals of Ddi2/3-H88A; 
D89A, having a size of 0.3 × 0.8 × 0.3 mm. C. SDS-PAGE gel image showing the purity 
of wild type Ddi2/3 used for crystallization. Lane M, Precision Plus Protein™ Unstained 
Standards (Bio-Rad); lane 1, concentrated Ddi2/3 for crystallization. D. Crystals of wild 
type Ddi2/3, having a size of 0.20 × 0.50 × 0.20 mm.  
 
 
 
 
 
114 
 
Ddi2/3 protein was adjusted to 10 mg/ml, and 0.8 µl protein was mixed with 
equal amount of reservoir buffer in setting crystallization using the hanging drop method. 
From crystallization trials, premium crystals of Ddi2/3 crystals were observed in 0.1 M 
MES buffer (pH 5.5), containing 1.2 M ammonium sulfate and 0.2 M arginine. With 
optimum conditions of crystallization, 2 µl protein solution was used in setting up 
hanging drops with 0.1 M MES buffers from pH 5.25 – pH 6.00, containing 1.1 M - 1.25 
M ammonium sulfate, and 0.2 M arginine. Protein crystals of Ddi2/3 were growing at 
room temperature for a month, having a size of 0.20 × 0.50 × 0.20 mm (Figure 4–2D). 
 
4.3.3. Ddi2/3 Is a Zinc-Metalloenzyme 
Protein crystals of Ddi2/3 were brought to Canadian Light Source (CLS) for X-
ray diffraction, by using beamline 08B1-1 and 08ID-1. The presence of zinc in Ddi2/3 
crystals was determined by X-ray fluorescence scattering experiment, which was 
performed by Dr.Moore. 
Diffraction data process and initial model building were carried out by Dr.Moore. 
The structure of Ddi2/3 was solved to 3.2-Å using single wavelength anomalous 
dispersion (SAD) method on Ddi2/3 crystals. Briefly, three datasets were collected using 
wavelength at zinc peak (λ = 1.2821 Å), each dataset consists of 500 frames (with the 
rotation of 0.2° for each frame). Parameters of collected dataset are shown in Table 4-1. 
Crystals belong to the space group P321, a=b=264.45 Å, c=119.15 Å. Each dataset was 
scaled and merged using HKL2000 program (Otwinowski and Minor, 1997), keeping 
anomalous pairs separate. Following density modification was processed using PHENIX, 
as the solvent content of Ddi2/3 crystals were 72%, extreme solvent flattering was carried 
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out in PHENIX (Terwilliger, 2004). Total 9 heavy atoms were located in the electron 
density map, indicating that the asymmetric unit contained 9 Ddi2/3 molecules, assigned 
as chain A to chain I. The resulted map was interpreted and the core 6 HD helices were 
built into 8 of the 9 subunits. Further work on model construction and refinement yielded 
a refined structure of 9 subunits. Following solvent refinement was carried out by Jia Li. 
 
 
Table 4-1. Parameters of X-ray crystallographic data collection and model 
refinement of Ddi2/3 
 
 Ddi2/3 with 
hydroxyurea 
Data statistics
a
  
Space group P321 
a, b, c, (Å) 264.45, 264.45, 119.15 
α, β, γ, (°) 90, 90, 120 
Resolution (Å) (high) 50-2.6 (2.64-2.60) 
Wavelength (Å) 1.2821 
Temperature (K) 100 
Rsym (%) 
b 
 10.4 (64.3) 
I/σ (I)  18.8 (2.3) 
 No. of reflections  1,111,859 (146,237) 
Redundancy 7.7 (7.7) 
Completeness (%)  99.0 (97.9) 
Refinement statistics  
Resolution (Å) (high) 39.7-2.60 (2.63-2.60) 
Completeness (%) 98.7 (92.0) 
Numbers of independent molecules 9 
Rwork 
c 
(%) (total/high) 18.6 (27.0) 
Rfree (%) (total/high) 23.2 (31.2) 
Root mean square deviation, bonds/angles (Å/°) 0.015 /1.55 
Average B factor 59.6 
No. of protein atoms 31865 
No. of water molecules 233 
Residues in most favored region (%) 92.29 
Residues in generously allowed regions (%) 6.04 
a
 Each data set was obtained from a single crystal. 
b. Rsym =  ∑ ∑ |𝐼i(ℎ𝑘𝑙) − 〈𝐼i(ℎ𝑘𝑙)〉 | 𝑖ℎ𝑘𝑙  / ∑ ∑ 𝐼i(ℎ𝑘𝑙)𝑖ℎ𝑘𝑙 , where Ii(hkl) is the intensity of the ith 
observation of reflection hkl and 〈𝐼i(ℎ𝑘𝑙)〉 is the average intensity of reflection hkl.  
c. 
 R =  ∑||𝐹𝑜| − |𝐹𝑐|| / ∑|𝐹𝑜|
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This dataset was collected with Ddi2/3 crystal soaked in 0.2 M hydroxyurea, 
however, after data processing, no significant electron density peak other than water 
molecule was observed at each of the zinc site. Therefore, the diffraction data was used 
as wild type Ddi2/3 refinement. The structure model was refined to an Rwork of 18.6% and 
an Rfree of 23.2%. In total, 98.33% of residues are in Ramachandran allowed region. The 
tertiary structure of Ddi2/3, a compact helical architecture, is illustrated in Figure 4–3. It 
composed of a total of 15 helices, including 11 α helices and four 310 helices, and two 
short β-strands. The Zinc  ion is coordinated by conserved HD resides, H55, H88, and 
D89, which are located at α3 and α4, respectively.  
 
 
Table 4-2. B factors of structural model of Ddi2/3 after refinement 
 
 Average B factor (backbone/total) B factor of zinc 
chain A 48.2 / 53.7 64.7 
chain B 46.7 / 52.0 69.8 
chain C 39.0 / 44.2 71.8 
chain D 42.6 / 48.0 64.9 
chain E 39.6 / 44.3 72.3 
chain F 47.2 / 52.3 65.5 
chain G 57.1 / 63.2 92.4 
chain H 97.1 / 105.1 131.2 
chain I 116.7 / 126.1 183.0 
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Figure 4–3. Ribbon trace of Ddi2/3 monomer (residue 1-225). 
 
The first four residues at N-terminus (residue -3 to 0) after removal of GST tag was 
observed with electron densities, but the residues were removed in the model. Total 11 α-
helix (α1-α11) and four 310-helix (η1–η4) were observed. Coordination of zinc ion with 
H55, H88, and D89 is represented as yellow dashes. Side chains of the residues are 
shown as sticks and colored by elements, oxygen; red; nitrogen: blue. The zinc ion is 
represented as a gray sphere.  
 
 
 
118 
 
Table 4-2. presents the B factors of each chain and the metal ion in the 
crystallographic structural model. Chain C, chain D and chain E have lower B factors 
than other chains. Therefore, they are displaying more convinced structural model. Zinc 
ion was observed in each of the 9 molecules of the asymmetry unit cell. However, the 
metals from chain G, chain H and chain I have higher B-factors as 92.4, 131.2 and 183.0. 
The refined model of the zinc coordination and the possible active sites are shown in 
Figure 4–4. The zinc ion is also coordinated by a water (hydroxyl) molecule with roughly 
equal distance (2.1-2.2 Å), forming a tetrahedral geometry with the other zinc ligands. 
Surrounding residues F104, H137, Q138, T157 and N161 form a pocket which is likely 
to be the active sites. Multiple water molecules were observed in this pocket (Figure 4–4), 
increasing the likelihood of being the active site of this hydratase. Figure 4–4A is 
presenting the refined model of the metal site in chain E: total four water molecules were 
observed, assigned as W1 - W4. W1 molecule is involved in metal binding; the rest water 
molecules form hydrogen bonds with H137, Q138, T157 and N161, respectively. The 
same architecture was observed in chain A, chain B, chain C and chain F.  
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Figure 4–4. The omit map and the coordinates presenting the metal binding site and 
possible active site of Ddi2/3. 
 
A. The Fo-Fc map (purple) showing the electron density near the metal site (chain E), the 
contour level was 3.50 for the Fo-Fc map. B. The Fo-Fc map (purple) showing the 
electron density near the metal site (chain E), modeling with solvent molecules (red). The 
contour level was 3.50 for the Fo-Fc map. C. The 2Fo-Fc map (gray) showing the 
electron density after refinement near the metal site (chain E), the contour level was 1.0 
for the 2Fo-Fc map. D. The coordinates showing the structural model at the metal site 
(chain E). Side chains of residues are colored by element, oxygen; red; carbon: green; 
nitrogen: blue. Coordination bond to metal ion is represented as yellow dashes; hydrogen 
bonds are represented as black dashes. The zinc ion (cyan) and water molecules (red) are 
represented as spheres.  
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4.3.4. Ddi2/3 Bears Conserved Helical Structure of HD Domain 
A total of nine Ddi2/3 molecules were present in asymmetric unit; the model of 
chain A was used in protein superposition to several typical HD domain proteins. 
 
 
Figure 4–5. Superposition of HD motif of Ddi2/3 to core region of HD motifs of 
showing the conserved helical architecture 
 
A. Superposition of HD motif of Ddi2/3(gray, residue 51-161 of chain A) to HD motives 
of YpgQ (green, PDB ID: 5DQV, residue 25-130), SAMHD1 (yellow, PDB ID: 3U1N, 
residue 160-320), and EF1143 (orange, PDB ID: 3IRH, residue 59-197), indicating that 
the Ddi2/3 overlaps the core region of HD motif, containing five α-helices, αA-αE. Metal 
cofactors of each protein were represented as spheres. B. Models of HD motif of Ddi2/3 
(residue 51-161, chain A). C. Ribbon trace of Ddi2/3 showing the location of the HD 
motif (gray, residue 51-161). D. A table listing the parameters of structures superposition. 
Side chains of HD residues that interact with metal ions were colored by element, oxygen: 
red; nitrogen; blue.  
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Residues 51-161 of Ddi2/3 was identified as the HD motif, since the protein only 
coordinates one metal ion, the protein was overlaid to HD motifs of other HD domain 
proteins containing only one metal ion (Figure 4–5A). HD motifs used in superposition 
are from proteins YpgQ (Ni
2+
 coordinated protein, PDB ID: 5DQV), SAMHD1 (Zn
2+
 
coordinated protein, PDB ID: 3UIN) and EF1143 (Ca
2+
 coordinated protein, PDB ID: 
3IRH). The overlaid models (Figure 4–5A) showed that the structure of HD motif of 
Ddi2/3 overlaps the five helices (αA-αE) of the HD domain core region. Figure 4–5B is 
presenting the structural model of HD motif in Ddi2/3 (residue 51-161, chain A) 
consisting the conserved five helices. It is observed that the HD residues in the zinc 
coordination, H55 and H88D89 doublet are located at αA and αB, respectively. It is 
consistent with the distribution pattern of HD conserved residue in the other shown HD 
domain proteins. The observed structure similarity indicates that Ddi2/3 contains a 
typical HD motif. 
Because YpgQ is a well-studied representative HD domain phosphohydrolase, 
structure model of Ddi2/3 monomer (shown in Figure 4–6A) was also used to superpose 
to YpgQ to identify any structure differences. YpgQ from Bacillus subtilis was 
characterized as a pyrophosphohydrolase that hydrolyzes (deoxy)ribonucleoside 
triphosphate (dNTP) to (deoxy)ribonucleoside monophosphate and pyrophosphate, and 
its activity requires the presence of Mn
2+
, while the enzyme displayed compromised 
activity with the presence of Fe
2+
 Cu
2+
 or Ca
2+ 
(Jeon et al., 2016). The HD domain is 
responsible for its pyrophosphohydrolase activity. Crystal structure model revealed that 
the protein contains a helical structure and assembles into a dimeric architecture. Each 
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monomer accommodates a Ni
2+
 ion, which was determined by the X-ray fluorescence 
scattering experiment (Jeon et al., 2014).  
Ribbon trace model of the Ddi2/3 monomer is shown in Figure 4–6A, zinc ion is 
coordinated by H55, H88 and H89. H55 is located in α3, H88 and D89 doublet is located 
at α4. Figure 4–6B shows the model of YpgQ, which displays a helical structure. Total 10 
helices are observed in the YpgQ model (PDB ID: 5DQV), up to 63% region of protein, 
134 residues were composed of helices. Nickel ion is coordinated by H29ʹ, H58ʹ, and 
D124ʹ. H29 is located at α2ʹ, H58ʹ and D59ʹ doublet is located at α3ʹ (however, the 
aspartate residue is not interacting with the metal ion), D124ʹ is located at α6ʹ. Figure 4–
6C is presenting the superposed model of Ddi2/3 monomer (gray) and YpgQ monomer 
(violet). Overlaid model shows that the α3 and α4 of Ddi2/3, overlapping to α2ʹ, and α3ʹ 
of YpgQ, respectively. Besides, α7 and α8 of Ddi2/3 overlap to α5ʹ and α6ʹ. However, 
helices at C-terminal of Ddi2/3, α10, η4, and α11, forming a “lid”, is more close to metal 
ion than α7ʹ, α8ʹ, and α9ʹ in YgpQ. The compact architecture of Ddi2/3 limits the 
opening of the active site thus only small molecules can fit in. Therefore YpgQ is able to 
work on relatively large molecules (dNTPs) whereas Ddi2/3 can only hydrate a smaller 
molecule (cyanamide). Figure 4–6D shows the superposition of metal binding sites of 
Ddi2/3 and YpgQ. H55, H88 and D89 of Ddi2/3 overlap to the H29ʹ, H58ʹ and D59ʹ of 
YpgQ. However, the corresponding residue to the second aspartate residue in Ddi2/3 is 
threonine (T157), the side chain of threonine residue is shorter than aspartate residue, and 
contains a hydroxyl group instead of a carboxylate group; therefore it is unable to 
coordinate the metal ion. 
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Figure 4–6. Superposition of a model of Ddi2/3 to the model of YpgQ 
 
A. Ribbon trace of Ddi2/3 monomer (chain A). The coordination of zinc by H55, H88 
and D89 are represented as yellow dashes. B. Ribbon trace of YpgQ (PDB ID: 5DQV, 
chain A) monomer. Nickel ion is represented as a green sphere, the coordination of nickel 
ion H29ʹ, H58ʹ, D59ʹ and D124ʹ are represented as yellow dashes. C. Superposition of 
Ddi2/3 (gray) to YpgQ (violet). 84 residues of the HD domains of each proteins were 
aligned with RMSD of 1.94 Å D. Superposition of the metal binding site of Ddi2/3 (gray) 
and YpgQ (violet). Nickel (green) and zinc (gray) are represented as spheres. The 
coordination of nickel in YpgQ is represented as yellow dashes, the coordination of zinc 
in Ddi2/3 is represented as orange dashes.. The side chains of residues are colored by 
element: nitrogen: blue; oxygen: red.   
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In addition, the structure model of Ddi2/3 was also superposed onto HD domain 
protein which contains multiple metal ions to illustrate the differences at the metal 
binding sites. Protein PgpH from Listeria monocytogenes was identified as a cyclic di-
3',5’- adenosine monophosphate (c-di-AMP) phosphodiesterase. The c-di-AMP is an 
essential and ubiquitously presented second messenger in bacterial signaling. 
Biochemical and structural studies revealed that the HD motif of PgpH was responsible 
for hydrolyzing c-di-AMP to 5'-pApA. A crystal structure model of the HD motif of 
PgpH (residue 497-708, PDB ID: 4S1C) revealed that the HD motif contains a di-iron 
metal center which directly binds to c-di-cAMP molecules. After processing the 
anomalous diffraction data, the two metal ions in the active site are most likely to be Fe
3+
 
(Huynh et al., 2015). Fe1 is interacting with H514ʹ, H543ʹ, D544ʹ and D648ʹ, while Fe2 is 
coordinated by D544ʹ, H580ʹ, H604ʹ and H605ʹ. 
Figure 4–7 illustrates the superposition of Ddi2/3 to the HD motif of PgpH. The 
overlap of helices of HD motif is observed, indicating the two maintain the conserved 
tertiary structure. The overlaid model also illustrate that, two histidine residues and one 
aspartate residue coordinating Fe1 in PgpH (H514ʹ, H543ʹ, D544ʹ) overlaps to HD 
residues coordinating zinc in Ddi2/3 (H55, H88, and D89). However, the second 
aspartate residue interacting to Fe1 (D648ʹ) in PgpH has changed to threonine (T157) in 
Ddi2/3; the side chain is short and contains a hydroxyl group instead of a carboxylate 
group, therefore it is unable to coordinate the metal ion. to bind to the zinc ion in the 
protein. In addition, residues coordinating Fe2 in PgpH (D544ʹ, H580ʹ, H604ʹ and H605ʹ) 
are corresponding to D89, F104, H137, and Q138, in Ddi2/3. The changes of histidine 
125 
 
residues to phenylalanine and glutamine residues in Ddi2/3 prevent protein recruiting a 
second metal cofactor. 
 
 
 
 
 
 
 
 
Figure 4–7. Superposition of Ddi2/3 to PgpH showing the metal binding sites. 
 
Superposition of model of Ddi2/3 monomer (gray) and model of HD motif of PgpH (cyan, 
PDB ID: 4S1C, residue 507-662). In this superposition, 82 residues f HD domains of 
each proteins were aligned with RMSD of 1.82 Å The Zinc (gray) and di-iron molecules 
(orange) are represented as spheres. Metal coordination with residues in 4S1C model is 
represented as yellow dashes. The side chains of residues are colored by element: oxygen: 
red; nitrogen: blue.  
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4.3.5. Ddi2/3 Has Different Tertiary Structure to That of Typical Zinc-
Metalloenzymes 
Carbonic anhydrase II (CAII) is one of fourteen forms of human α carbonic 
anhydrases (CAs). Carbonic anhydrase (EC 4.2.1.1) catalyzes the reversible hydration of 
carbon dioxide. CAII is a well-characterized metalloenzyme, containing one zinc ion per 
polypeptide chain, whose main physiological function is to catalyze the interconversion 
between CO2 and the bicarbonate ion (Briganti et al., 1999). As shown in Figure 4–8A,  
 
 
 
Figure 4–8. Superposition of model of Ddi2/3 to the model of human carbonic 
anhydrase II (CAII) 
 
A. Ribbon trace of human CAII (PDB ID: 1CA2), showing the protein is mainly 
composed of β-sheet and loops. Zinc ion in 1CA2 model is represented as a palecyan 
sphere and its coordination by H94ʹ, H96ʹ and H119ʹ are represented as yellow dashes. B. 
Superposition of model of Ddi2/3 (gray) and model of CAII (palecyan, PDB ID: 1CA2). 
Zinc ion in the Ddi2/3 model is represented as a gray sphere; its coordination is 
represented by magenta dashes. Zinc ion in CAII model is represented as a palecyan 
sphere, and its coordination is represented as yellow dashes. The side chains of residues 
are colored by element: oxygen: red; nitrogen, blue.  
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CAII (PDB ID: 4S1C) is mainly composed of loops and β-sheets. The zinc ion is 
coordinated by three histidine residue (H94ʹ, H96ʹ and H119ʹ) and a water molecule 
forming tetrahedral geometry. Zinc in Ddi2/3 has roughly same coordination geometry to 
that of CAII.  
When Ddi2/3 was overlaid to the CAII, as shown in Figure 4–8B, it was found 
that conserved HD residues in Ddi2/3 did not overlap to the histidine residues in CAII. 
Although Ddi2/3 and CAII share same zinc coordination geometry, the secondary 
structure composition of CAII is entirely different from Ddi2/3. Although both enzymes 
catalyze the hydration reaction, and CAII even works on cyanamide, Ddi2/3 and CAII 
have totally differently tertiary structure, indicating the two do not share any homology.  
 
4.3.6. Native Ddi2/3 Exists As A Dimer 
Nine molecules of Ddi2/3 were designated chain A to I. Dimerization of Ddi2/3 
molecules were observed, total 4 pairs of dimerization were formed among the 9 chains, 
chain B:chain C, chain D:chain E, chain F:chain G, chain H:chain I. Chain A was 
forming dimer with the chains from an another asymmetric unit. Structural models of 
chain B and C were shown in Figure 4–9. In the dimer of chain B: chain C, chain B is 
rotated 180° around Z axis to overlap chain C. Interfaces of dimers were composed of α7 
and η4, which located between α10 and α11. Residues located at the interface and 
involved in dimerization are listed in Table 4-3. It is observed that the dimerization is 
maintained by hydrogen bonds between two molecules, including directly hydrogen 
bonds between two residues or via a water molecule. 
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Figure 4–9. Ribbon trace of Ddi2/3 dimer. 
 
The side chains of the residues are shown as sticks and colored by elements. The zinc ion 
is represented as a gray sphere. Coordination of zinc ion to H55, H88 and D89 are 
represented as yellow dashes. 
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Table 4-3. List of residues at interface of chain B: chain C that forms hydrogen 
bonds in dimerization 
 
Residue in molecule B 
(location/atom) 
Residue in molecule C (location/atom) Interactions 
Thr100 (loop between α5 and α6/OG1) Asp128 (α7/OD2) H bond 
Lys101 (loop between α5 and α6/NZ) Asp125 and Asp128 (α7/OD1) H bond 
Ser103 (loop between α5 and α6/OG) Glu132 (α7/OE1, OE2) H bond 
Arg 113 (α6/NH2) Thr 100 (loop between α5 and α6/OG1) H bonds via HOH 
Try145(β2, between α7 and α8/O) Ser207 (η4, between α10 and α11/N) H bond 
Asp125 (α7/OD1) Lys101 (loop between α5 and α6/NZ) H bond 
Asp128 (α7/OD1, OD2) Thr100 (loop between α5 and α6/OG) H bond via HOH 
Glu132 (α7/OE1) Ser103 (loop between α5 and α6/OG) H bonds 
Asp139 (loop between α7 and β2/OD2) Trp106 (α6/OH) H bonds via HOH 
Trp203 (loop between α10 and η4/O) Arg136 (α7/NH2) H bonds via HOH 
Ser207(η4, between α10 and α11/OG) Tyr145 (β2, between α7 and α8/O) H bond 
  
 
 
Size exclusion chromatography was used to confirm the oligomerization of 
Ddi2/3, 500 µg purified protein (the same protein used for crystallization) was applied to 
Superdex G-200 Increase (GE Healthcare) column to separate possible oligomers of 
protein. A gel filtration chromatography standard (Bio-Rad) was used as a reference to 
plot standard curve, as shown in Figure 4–10B. The elution profile of Ddi2/3 is presented 
in Figure 4–10C, in which the primary peak (peak 3) contains eluates having a calculated 
molecular weight of 48 kDa, consistent with the size of a Ddi2/3 dimer. This confirms 
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that native Ddi2/3 forms dimers in crystallization buffer (20 mM bis-Tris propane [pH 
7.0], containing 150 mM NaCl, and 0.01 mM ZnCl2). 
 
 
 
 
 
Figure 4–10. Size exclusion filtration chromatography showing the presence of a 
dimer of native recombinant Ddi2/3 protein 
 
A. A table showing components of gel filtration chromatography standards (Bio-Rad). B. 
A standard curve of gel filtration chromatography by using Superdex G-200 Increase 
column. C. Elution profile of Ddi2/3, total 5 peaks were observed. D. Calculated 
molecular weight for eluates in each peak. 
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4.3.7. Residues around Metal Ion Are Involved In Forming Active Sites 
To investigate the substrate binding geometry in Ddi2/3, diffraction data from 
crystals soaked in a cryo-buffers containing cyanamide, cyanide, hydroxyurea (HU), and 
acetohydroxamic acid (AHA) were collected. Briefly, crystals of Ddi2/3 were shortly 
soaked with the substrate and/or inhibitors, including 0.1 M to 0.2 M cyanamide, 0.2 M 
hydroxyurea, 0.2 M urea, 0.1 M to 0.2 M sodium cyanide, and 0.2 M AHA, and X-ray 
diffraction data was collected. The diffraction data showed that the soakings did not 
affect diffraction properties of Ddi2/3 crystals. However, collected diffraction data did 
not reveal a peak at metal ion site in electron density map.  
Structural studies on HD domain proteins show that the substrate is usually bound 
with residues close to the metal sites (Beloglazova et al., 2011; Brownt et al., 2006; 
Mashhadi et al., 2009; Van Staalduinen et al., 2014). In the structural model of Ddi2/3, 
H137, Q138, T157, and N161 formed a pocket in which Zinc ion is at center (Figure 4–4). 
In addition, these residues are conserved in all proteins that have been identified to 
contain the cyanamide hydratase domain (Figure 4–11), indicating that their conservation 
is necessary to maintain proteins function or structural stability. 
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Figure 4–11. Sequence alignment of proteins containing cyanamide hydratase 
domain  
 
Amino acid sequences of proteins were retrieved from the NCBI conserved domain 
database. Sequence alignment was processed by ClusterW, the secondary structure was 
illustrated by ESPript 3.0, based on crystal structure model. In secondary structure 
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illustration, α represents α-helix, β represents β-sheet, η represents 310-helix. HD residues 
coordinating zinc ion are pointed out by blue asters. The source organism abbreviations 
are given in the left-hand column. Sc, S.cerevisiae; Mv, M. verrucaria; Fg, Fusarium 
graminearum; An, Aspergillus nidulans; Ca, Candida albicans; Ao, Aspergillus oryzae; 
Dh, Debaryomyces hansenii. Identified residues are colored in red. Conserved HD 
residues are pointed out by stars, the Site-specific mutagenesis sites are indicated by 
green triangles. Residues involved in dimerization are pointed out by solid blue circles.  
 
 
 
Taking vector pET-DDI2/3 as a template, total five site-specific mutations, 
H137N, Q138E, Q138A, T157V, and N161A, were made by using the QuickChange site-
specific mutagenesis kit. Mutants were verified by DNA sequencing. Ddi2/3 mutants 
were harvested (Figure 4–12A) and tested in an enzymatic assay (Figure 4–12B). All 
proteins were adjusted to 0.1 mg/ml and incubated with 5 mM cyanamide for two hours 
 
Figure 4–12. Preparation of Ddi2/3 mutants and the corresponding enzymatic 
assays 
 
A. SDS-PAGE image to show purified His-tagged Ddi2/3 and its mutants. Lane M, 
Precision Plus Protein™ Unstained Standards (from Bio-Rad); lane 1, wild type Ddi2/3; 
lane 2, Ddi2/3-H137N; lane 3, Ddi2/3-Q138E; lane 4, Ddi2/3-Q138A; lane5, Ddi2/3-
T157V; lane 6, Ddi2/3-N161A. B. Cyanamide hydratase assays with His6-tagged Ddi2/3 
and its mutant derivatives.  
 
134 
 
 at room temperature; remained cyanamide was measured by the colorimetric assay as 
previously described. The ability to consume cyanamide indicates the enzymatic activity 
of the mutant protein. As shown in Figure 4–12B, mutations of H137N, Q138E and 
N161A resulted in an almost entirely loss of the cyanamide hydratase activity of Ddi2/3, 
however, T17V mutant presented a little enzymatic activity. Q138A displayed varies in 
three independent assays, could remain a little activity. However, in initial velocity 
assays, all mutants failed to produce any detectable urea in 20 min (data not shown). This 
observation indicates that H137, Q138, T157, and N161 are all required for the catalysis. 
 
4.3.8. Crystallization of Ddi2/3 Mutants 
Substrate soaking with crystals of wild typeDdi2/3 did not give any information 
on the substrate binding mode; therefore, the inactive Ddi2/3 mutants were soaked with 
the substrate, and it was expected that the inactive Ddi2/3 mutants could not hydrate the 
substrate and thus would “trap” the substrate at the active site.  
First, His6-tagged Ddi2/3 mutants were prepared for crystallization due to its ease 
of purification. Purified His-tagged Ddi2/3 mutants, H137N and N161A, from affinity 
purification were further purified by doing ion-exchange chromatography (IEC) and 
dialyzed in storage buffer (20 mM bis-Tris propane [pH 7.0], containing 50 mM NaCl 
and 0.01 mM ZnCl2). The proteins were concentrated to 10 mg/ml and then were 
subjected to crystallization trials with commercial sparse matrix crystallization kit 
(Hampton Research). Crystallization trials were performed by robots (Gryphon from Art 
Robot Instrument) in sitting drops method with commercial reservoir buffer (drop size of 
0.3 ul + 0.3 ul) with a 96-3 shallow well Intelli-plate (HAMPTON research). The 
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crystallization trials were performed by Yunhua Jia from Dr.Moore’s lab, she has tried a 
total of 384 conditions with His-tagged Ddi2/3, and its two mutants H137N and N161A. 
However, no crystals were observed with any of these conditions. 
Therefore, Ddi2/3 mutants obtained from the pGEX system were used for 
 
 
Figure 4–13. Crystals of Ddi2/3-H137N and Ddi2/3-T157V 
 
A. SDS-PAGE gel image to show the purity of Ddi2/3-H137N used for crystallization. 
Lane M, Precision Plus Protein™ Unstained Standards (Bio-Rad); lane 1, concentrated 
Ddi2/3-T157V for crystallization. B. Crystals of Ddi2/3-H137N, having a size of 0.3 × 
0.5 × 0.2 mm. C. SDS-PAGE gel image to show the purity of wild type Ddi2/3 used for 
crystallization. Lane M, Precision Plus Protein™ Unstained Standards (Bio-Rad); lane 1, 
concentrated Ddi2/3 for crystallization. D. Crystals of wild type Ddi2/3-T157V, having a 
size of 0.5 × 0.5 × 0.2 mm.  
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 crystallization. As previously described, GST fusion Ddi2/3 mutants were collected by 
doing affinity purification, after GST cleavage and removal; Ddi2/3 mutants were further 
purified by doing IEC, and were concentrated to 10 mg/ml for crystallization trials 
(Figure 4–13A and C). Conditions used in crystallization trials are the same as that of 
wild type Ddi2/3. Three Ddi2/3 mutants were used in crystallization trials, at last, Ddi2/3-
H137N and Ddi2/3-T157V were successful to produce useful crystals (Figure 4–13B and 
D), but Ddi2/3-N161A was only able to grow tiny crystals.  
Crystals of Ddi2/3-H137N were observed in 0.1 M MES (pH 6.0 – pH 6.5), 
containing 1.25 M - 1.40 M (NH4)2SO4 and 0.2 M arginine. Obtained crystals were able 
to grow to the size of. 0.3 × 0.5 × 0.2 mm. Crystals of Ddi2/3-T157V were observed in 
0.1 M MES (pH 5.5 – pH 6.2), containing 1.25 M - 1.40 M (NH4)2SO4 and 0.2 M 
arginine. Obtained crystals were able to grow to the size of. 0.5 × 0.5 × 0.2 mm. 
 
4.3.9. Substrate Binding Model of Cyanamide to Ddi2/3 
Both crystals of Ddi2/3-H137N and Ddi2/3-T157V were shortly soaked in 
cryobuffer containing 0.2 M -0.35 M cyanamide and 0.2 M -0.35 M cyanide, respectively, 
before being applied to X-ray diffraction, by using beamline 08B1-1 or 08ID-1 at the 
CLS for X-ray diffraction. 
The structure model of Ddi2/3-H137N at 3.00-Å resolution was solved, and 
structure model of Ddi2/3-T157V at a 2.90-Å resolution of was solved. However, 
resolved model of a complex of Ddi2/3 mutants and cyanide did not show significant 
results. Structure model of the complex of Ddi2/3-T157V with cyanamide was obtained 
and refined to 2.90-Å resolution. Table 4-4 is presenting the parameters of collected X-
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ray diffraction dataset and of model refinement.  
 
Table 4-4. Parameters of X-ray crystallographic data collection and refinement of 
Ddi2/3 mutants.  
 
Complex Ddi2/3-H137N Ddi2/3-T157V 
Ddi2/3-T157V with 
cyanamide 
Data statistics
a
    
Space group P321 P321 P321 
a, b, c, (Å) 264.64, 264.64, 
119.30 
263.61, 263.61, 
119.03 
263.43, 263.43, 
119.21 
α, β, γ, (°) 90, 90, 120 90, 90, 120 90, 90, 120 
Resolution (Å) (high) 50-3.00 (3.05-3.00) 50-2.90 (2.95-2.90) 50-2.90 (2.95-2.90) 
Wavelength (Å) 1.0246 1.0246 1.0246 
Temperature (K) 100 100 100 
Rsym (%)
b
 9.2 (56.8) 10.5 (69.5) 11.4 (63.0) 
I/σ (I)  20.9 (2.7) 17.6 (2.9) 16.1 (2.2) 
No. of  reflections (total/unique) 614,102 / 95,972 538,150 / 105,200 671,645 / 104,906 
Redundancy 6.6 (6.6) 5.3 (5.2) 6.6 (6.5) 
Completeness (%) 
c
 (total/high)
b
 96.5 (97.8) 97.0 (98.8) 96.8 (98.4) 
    
Refinement statistics    
Resolution (Å) 39.77-3.00 (3.07-
3.00) 
39.32-2.90 (2.96-
2.90) 
29.97-2.90 (2.96-
2.90) 
Completeness (%)  96.5 (97.0) 97.0 (99.0) 96.7 (97.0) 
Numbers of independent molecules 9 9 9 
Rwork (%) 
c
 18.7 (27.1) 18.7 (23.2) 18.3 (24.7) 
Rfree(%)  23.4 (34.5) 22.8 (27.5) 22.8 (30.2) 
Root mean square deviation, 
bonds/angles (Å/°) 
0.016/1.46 0.015/1.38 0.016/1.38 
Average B factor 77.5 52.7 65.8 
No. of protein atoms 31,761 31,725 31,725 
No. of water molecules 325 408 490 
Residues in most favored region (%) 92.73 93.72 93.62 
Residues in generously allowed 
regions (%) 
5.79 5.11 5.30 
a
  Each data set was obtained from a single crystal. 
b. Rsym =  ∑ ∑ |𝐼i(ℎ𝑘𝑙) − 〈𝐼i(ℎ𝑘𝑙)〉 | 𝑖ℎ𝑘𝑙  / ∑ ∑ 𝐼i(ℎ𝑘𝑙)𝑖ℎ𝑘𝑙 , where Ii(hkl) is the intensity of the ith 
observation of reflection hkl and 〈𝐼i(ℎ𝑘𝑙)〉 is the average intensity of reflection hkl.  
c. R =  ∑||𝐹𝑜𝑏𝑠| − |𝐹𝑐𝑎𝑙𝑐|| / ∑|𝐹𝑜𝑏𝑠| 
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Figure 4–14. The 2Fo-Fc map and the coordinates presenting the metal binding site 
of Ddi2/3-H137N and Ddi2/3-T157V mutants. 
 
A. The Fo-Fc map (purple) showing the electron density near the metal site in the 
structure model of Ddi2/3-H137N (chain D), modeling with solvent molecules (red). The 
contour level was 3.50 for the Fo-Fc map. B. The 2Fo-Fc map (gray) showing the 
electron density near the metal site in the structure model of Ddi2/3-H137N (chain D), 
the contour level was 1.0 for the 2Fo-Fc map. C. The coordinates showing the zinc 
coordination and water molecules at the metal site of Ddi2/3-H137N (chain D). D. The 
Fo-Fc map (purple) showing the electron density near the metal site in the structure 
model of Ddi2/3-T157V (chain D), modeling with solvent molecules (red). The contour 
level was 3.50 for the Fo-Fc map. E. The 2Fo-Fc map (gray) showing the electron density 
near the metal site in the structure model of Ddi2/3-T157V (chain D), the contour level 
was 1.0 for the 2Fo-Fc map. F. The coordinates are showing the zinc coordination and 
water molecules at the metal site of Ddi2/3-T157V (chain D). The side chains of residues 
are colored by element, oxygen; red; carbon: green; nitrogen: blue. Coordination bond to 
metal ion was represented as yellow dashes; hydrogen bonds are represented as black 
dashes. The Zinc  (cyan) and water molecules (red) are represented as spheres.  
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The refined model of zinc coordination and the possible active sites in Ddi2/3-
H137N and T157V mutants (of chain D) are shown in Figure 4–14. It was observed that 
the mode of zinc metal coordination remains in both mutants. These diffraction data were 
obtained in March, 2016; initial refinement has located most of the solvent in 7 of the 9 
subunits.  Further refinement will be carried out to confirm these solvent sites.  
The complex of Ddi2/3-T157V and cyanamide revealed a piece of useful 
information on the cyanamide binding mode. Figure 4–15 shows the refinement of the 
model of a complex of Ddi2/3-T157V and cyanamide (chain A). Panel A displays the Fo-
Fc map showing extra density at metal center indicating the presence of atoms, indicating 
that a molecule binding at zinc was pointing towards H137. Panel B shows the 2Fo-Fc 
map after refinement with added solvent, displaying the fittings of water molecules. 
However, there was excessive electron density at the zinc suggesting the presence of a 
larger molecule. Panel C shows the refined 2Fo-Fc map after fitting a cyanamide 
molecule at zinc. It was observed that the cyanamide molecule fits better to the electron 
density than a water molecule. 
After refinement, the most representative model (chain A) showed that the stick-
like cyanamide molecule directly binds to zinc ion via N2 (from NC- group) atom. The 
Zn-N2 bond has a distance of 2.0 Å, roughly equal to that of interactions by HD residues. 
N2 atom also formed a hydrogen bond with N161, having a length of 3.0 Å. While the 
ammonia group formed hydrogen bonds with H137 and Q138 at roughly equal lengths of 
2.7-2.8 Å, it also formed a weak hydrogen bond with D89 at distance of 3.3 Å (Figure 4–
15). This observation also confirms that the pocket containing zinc site is the active site 
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of the enzyme. The electron density of cyanamide molecule was observed in 7 of the 9 
molecules. 
 
 
 
Figure 4–15. Model refinement of Ddi2/3-T157V soaking with 0.35 M cyanamide 
 
A. The Fo-Fc map of electron density near zinc site, modeling with the cyanamide 
molecule (chain A). The contour level was 3.50 for the Fo-Fc map (purple). B. The Fo-Fc 
map of electron density near the zinc site, modeling with the water molecule. The contour 
level was 3.50 for the Fo-Fc map (purple). C. The 2Fo-Fc map is showing the electron 
density after refinement with cyanamide molecule at the zinc site (chain A). The contour 
level was 1.00 for the 2Fo-Fc map (gray). D. The corresponding coordinate is showing 
the binding mode of cyanamide. Zinc ion was represented as a cyan sphere, water 
molecules were represented as red spheres. The side chains of residues were colored by 
element: oxygen: red; carbon: green; nitrogen: blue. Coordination of the zinc was 
represented as yellow dashes; hydrogen bonds were represented as black dashes. The side 
chains of residues were colored by elements: oxygen: red; carbon: green; nitrogen: blue.  
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After refinement of available chains in the asymmetric unit (chain A - chain G. 
the electron densities of chain H and chain I are too poor to refine), it is observed that, the 
binding mode of cyanamide is relatively stable, though the molecule was not fully 
covered in electron density map. Figure 4–16 is presenting the models of cyanamide 
binding at the active sites of Ddi2/3.  
 
Figure 4–16. Models of cyanamide binding at the active site of Ddi2/3-T157V 
mutant and in CAII. 
 
A. Cyanamide binding model in CAII (magenta, PDB ID: 1F2W). Zinc ion (gray) and 
water molecules (red) are represented as spheres. B. Cyanamide binding model in 
Ddi2/3-T157V mutant (chain A). Zinc ion (cyan) and water molecules (red) represented 
as spheres. Metal coordination is shown as yellow dashes; hydrogen bond is represented 
as black dashes. The side chains of residues are colored by elements: oxygen, red, 
nitrogen, blue. C. and D., the models of cyanamide binding to the metal ion via either 
cyanide group or ammonia group. The hydrogen bond is represented as dashes.  
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Figure 4–16A displays the model of cyanamide binding to the zinc ion in CAII 
(PDB ID: 1F2W). The cyanamide molecule binds to the zinc via N2 of the cyanide group, 
and the whole molecule forms hydrogen bonds with T199, T200 and other two water 
molecules. Though cyanamide is a molecule of linear structure, the structural model 
(PDB ID: 1F2W) has a relatively high resolution of 1.90 Å (Guerri et al., 2000) and thus 
it is able to distinguish the orientation of the cyanamide molecule binding to the zinc ion 
in CAII. Therefore, in the modeling of cyanamide binding to the zinc ion in Ddi2/3-
T157V, cyanamide was proposed binding to the zinc via the N2 of the cyanide group as 
well (Figure 4–16B and C). In this model, N2 of the cyanide group shares the lone pair 
with the zinc ion, but the covalent bond does not line up to the molecule of cyanamide, 
therefore the nitrogen atom is still possible to serve as a hydrogen bond acceptor. Thus 
the nitrogen of the cyanide group also forms a hydrogen bond with N161. The ammonia 
group in the other side of the stick-like molecule performs as hydrogen bond donor in the 
formations of hydrogen bonds with Q138 and D89. H137 carries positive charge since the 
crystallization solution is of pH 6.0, which is lower than the pKa of the histidine 
(pKa=6.5). The nitrogen atom of ammonia group has a lone pair and thus serves as 
hydrogen bond acceptor in the formation of a hydrogen bond with H137. 
However, the current structural model of Ddi2/3-T157V and cyanamide has a 
relatively low resolution of 2.90 Å, we are not able to determine the orientation of 
cyanamide binding to the zinc ion in this condition. Therefore, the possibility of 
cyanamide binding to the zinc ion via the ammonia group can not be ruled out. In the 
model shown in Figure 4–16D, the ammonia group interacts with the zinc ion. The 
nitrogen atom of the ammonia group still has a lone pair and thus serves as the hydrogen 
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bond acceptor in the formation of hydrogen bond with N161. While the nitrogen atom of 
the cyanide group also has a lone pair but can perform as a hydrogen bond acceptor, thus 
it forms hydrogen bonds with both imidazole ring of H137 and the ammonia group of 
Q138, since the side chain of Q138 can be flipped by180°. But the nitrogen atom of the 
cyanide group would not form a hydrogen bond with D89. 
Both binding models of cyanamide in Ddi2/3-T157 indicate that carbon would 
carry more positive charges and would be the target of a nucleophile to initial reaction. 
And at least one water molecule (W2 in Figure 4–15D) was present at active site was 
present in each Ddi2/3 monomer, forming a hydrogen bond to N161. This water could be 
recruited to produce attacking hydroxide in hydration reaction; therefore its position in 
the active site is crucial to reveal the catalytic mechanism, further refinement of 
cyanamide binding model is needed to identify the proper position of a water molecule. 
The accurate location of cyanamide at the active site also needs further model refinement 
to determine the interactions with the residues at active sites. All these information are 
required to discover the reaction mechanism of Ddi2/3.  
 
4.4. Summary and Discussion 
4.4.1. Ddi2/3 Contains a Typical HD Motif  
Superposition of HD motif of Ddi2/3 to other identified HD domain proteins 
revealed that Ddi2/3 displays the conserved helical structure of HD domain composed of 
5 α-helices. Metal-coordinating residues in HD domain proteins that contain single metal 
ion can be presented as H…HD…D, and they are located at αA, αB, and αE. In Ddi2/3, 
HD residues coordinating the zinc ion are shown as H…HD, and their location at αA and 
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αB overlap to the HD residues from other identified HD domain. Thus the structural 
similarity between Ddi2/3 and identified HD domain protein reveals that Ddi2/3 contains 
a typical HD motif in the region. 
 
4.4.2. Ddi2/3 Has Unique Metal Coordination Geometry As Compared To Other HD 
Domain Proteins 
Although Ddi2/3 contains a typical HD motif, it is unique to other HD domain 
proteins since only three HD residues (H...HD) are holding the zinc ion, instead of 
H…HD…D pattern in other identified HD domain proteins. The second aspartate residue 
has been mutated to threonine (T157) in Ddi2/3; the threonine residue has a short side 
chain and has not been reported to have the metal coordinating ability. Therefore, the 
mutation of aspartate to threonine in Ddi2/3 makes the zinc ion have unique coordination 
geometry to other HD domain proteins. HD domain protein SAMHD1 (PDB ID: 3U1N) 
is also a zinc metalloenzyme, in which the zinc ion is coordinated by the side chains of 
H167, H206, D207, D311 and a phosphate oxygen, forming a 5-ligand coordination. 
While in Ddi2/3, the zinc ion is coordinated by H55, H88, D89 and water (hydroxyl) 
forming a four ligand tetrahedral geometry. 
 
4.4.3. The Mode of Zinc Coordination Reveals That Ddi2/3 Is a Typical Zinc 
Binding Protein 
Zinc is the second most abundant transition element in living organisms after iron. 
About 10% of total human proteins are predicted as having the ability to binding the zinc 
in vivo. Well-studied examples of the zinc binding proteins include the carbonic 
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anhydrase I and II (CAs), alcohol dehydrogenase and thermolysin. Statistical studies with 
all zinc-binding proteins in the protein data bank (PDB) have shown that zinc proteins 
traditionally adopt a coordination number of 4 or 5 in their metal coordination sphere. 
Histidine residues are the most common amino acid ligands, existing in 48% of the 
ligands to zinc, followed by cysteine, which presents in 27% of the ligands to zinc. 
Aspartate and glutamate are the other main residues interacting with the zinc. These four 
residues are responsible for 96% of zinc coordination (Tamames et al., 2007).  
Our structural study on Ddi2/3 reveals that the zinc ion is coordinated by three 
amino acid residues, His55, His88, Asp89, and a water (hydroxyl) molecule; total four 
ligands have roughly same length and forming an almost regular tetrahedron, which is 
typical coordination geometry of the zinc proteins. It indicates that Ddi2/3 is a typical 
zinc binding protein, and the opening site (hydroxyl bound) of coordination sphere 
indicates that the zinc ion in Ddi2/3 is likely the catalytic zinc directly participating in the 
reaction, interacting with the substrates (McCall et al., 2000). 
 
4.4.4. The Binding Mode Of Cyanamide At Zinc Site In Ddi2/3 Is Similar To That 
In Carbonic Anhydrase II (CAII). 
The refined model of cyanamide binding at the active site of Ddi2/3-T157V 
mutant is showing that, the substrate molecule directly binds to the zinc ion, via the N2 
atom of the cyanide group of cyanamide. The rest of the molecule forms the hydrogen 
bonds with residues at active site to stabilize the position (Figure 4–17A) and to expose 
the carbon atom which will be attacked in the presumed reaction. This binding mode is 
the same as that of cyanamide binding in CAII (Figure 4–17B), since CAII is weakly 
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active on cyanamide and the reaction mechanism is well studied, the similarity of 
substrate binding would be helpful to unveil the catalytic mechanism of Ddi2/3. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4–17. Models of cyanamide binding at the active sites of the Ddi2/3-T157V 
and in CAII. 
 
A. Cyanamide binding model in Ddi2/3-T157V mutant (chain A, green). B. Cyanamide 
binding model in CAII (magenta, PDB ID: 1F2W). Zinc ion (gray) and water molecules 
(red) in both proteins are represented as spheres. Metal coordination is shown as yellow 
dashes; hydrogen bond is represented as black dashes. The side chains of residues are 
colored by elements: oxygen, red, nitrogen, blue.  
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CHAPTER 5  DISCUSSION AND FUTURE DIRECTIONS 
 
5.1. Proposed Reaction Mechanism of Ddi2/3 
As described in section 4.4.4. , cyanamide binding mode in Ddi2/3-T157V is the 
same as that in CAII, indicating the hydration mechanism could be similar to two 
enzymes. An intermediate of the reaction of cyanamide to urea catalyzed by hCAII has 
been determined by cryo-crystallographic techniques (Guerri et al., 2000). In this 
observed hCAII-cyanamide-water ternary complex (PDB ID: 2CBA), cyanamide is 
bound to the catalytic zinc ion, a water molecule approached to zinc ion, together with 
the rest three histidine residues forming a five-coordinate adduct. It is hypothesized that 
the water molecule/hydroxide ion is about to perform a nucleophilic attack on the zinc-
activated cyanamide substrate in the catalyzed reaction. The structural evidence is 
consistent with the kinetic data, and indicates that a different mechanism was carried out 
compared to that of the physiologic carbon dioxide (CO2) hydration reaction. In the 
reaction of CO2 hydration by CAII, CO2 molecule was brought close to the zinc ion, 
allowing the electron-rich hydroxide produced by zinc ion to attack the carbon dioxide, 
forming bicarbonate, and then it is displaced by a water molecule (Lindskog, 1997).  
As shown in Figure 4–16, cyanamide is possible to bind to zinc ion via either 
cyanide group or ammonia group. Both the two binding models of cyanamide to the zinc 
suggest that carbon is polar positive and would be the target of a nucleophile to initial 
reaction.  
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If the cyanamide molecule directly binds to zinc ion via N2 from cyanide group, 
the ammonia group would form hydrogen bonds to Q138 and D89, helping to position the 
cyanamide molecule and carbon is exposed as the nucleophilic attacking site. It is 
proposed that the binding of the nitrogen atom of the cyanide group to the zinc ion cause 
the polarization of carbon atom in cyanamide, making it become more polar positive, and 
thus it will be easily attacked by an approaching water molecule. Besides, the H137 
carries positive charge under this condition, if a water molecule gets close enough to the 
charged H137, it would be activated to become a hydroxide to attack the carbon to initial 
the reaction.   
 
 
Figure 5–1. Overlaid models of the active sites of wild type Ddi2/3 and that of a 
complex of Ddi2/3-T157V and cyanamide. 
 
Coordinates showing the overlaid models of active sites of wild type Ddi2/3 (chain D, 
green) and complex of Ddi2/3-T157V and cyanamide. (chain D, gray). Zinc ions (gray 
and green) and water (red) are represented as spheres. Hydrogen bonds are represented as 
black dashes. The side chains of residues are colored by element, oxygen, red; nitrogen, 
blue.  
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In the other hand, if the cyanamide binds zinc via ammonia group, the nitrogen 
atom of the cyanide group has a lone pair and performs as a donor of hydrogen bonds. 
The hydrogen bonds between the nitrogen atom and both H137 and Q138 makes the 
carbon more polar positive, and therefore becomes the target of the nucleophile. 
However, the source of nucleophilic hydroxide cannot be determined; the solvent 
molecules observed in the current model are less likely to be the source of the hydroxides. 
Figure 5–1 is showing the overlaid models of wild type Ddi2/3 and Ddi2/3-T157V with 
cyanamide. After checking the overlaid models in 7 chains of the 9 chains, the closest 
water molecule in active sites of wild type Ddi2/3 is 3.4Å from the carbon of the 
cyanamide. The distance indicates the water molecule is less likely to be the source of the 
nucleophilic hydroxide. Further model refinement with solvent molecules, and future 
studies are needed to determine the details of the catalytic mechanism of Ddi2/3. 
 
5.2. Ddi2/3 Represents a Unique Subfamily of HD Domain Protein 
Although Ddi2/3 shares structural similarity to HD domain proteins, the difference 
of metal binding residues make the protein unique to identified HD domain proteins. 
Only three HD residues (H…HD) instead of four residues (H…HD…D) are binding to a 
Zinc ion in Ddi2/3. In order to identify the conserved residues of the cyanamide 
hydratase domain, a number of proteins that were proposed as cyanamide hydratase were 
retrieved from NCBI database and then used in a multiple sequence alignment. 
A search for predicted cyanamide hydratase in NCBI protein database shows that the 
hits are distributed to bacteria (450 hits) and fungi (235 hits) (updated in Jun., 2016). 
Predicted Cah proteins in bacteria are enriched in Actinobacteria (398/450 hits), a group 
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of Gram-positive bacteria with high guanine and cytosine content in their DNA. Most of 
the predicted Cah in fungi, including Sc_Ddi2/3 and Mv_Cah, are from the Ascomycetes 
(212/235 hits) branches. No hits were found in plants and archaea, though 1 hit was 
found in animal, the predicted cyanamide hydratase from Marmota marmota marmot was 
identical to Sc_Ddi2/3, indicating that it was likely to be a contamination during genome 
sequencing.  
As shown in Figure 5–2, proteins in group 1 are predicted cyanamide hydratase 
from fungi; candidates in group 2 are hypothesized cyanamide hydratases from bacteria. 
Sequence alignment of these proteins reveals that the HD residues coordinating metal 
ions (H…HD) are conserved in all 18 protein candidates, indicating that the metal 
coordination geometry is conserved and the metal cofactor is critical to protein structure 
and/or enzymatic activity. 
In addition, conserved residues include F104Ddi2/3 and H137Ddi2/3 that form a pocket 
at the metal ion, suggesting that they are important to support the active site and could be 
involved in catalysis. However, Q138Ddi2/3 is conserved in all candidates from fungi, but it 
is variable as either leucine or threonine in all candidates from bacteria. Leucine residue 
has a hydrophobic side chain; therefore it will not perform any interaction with solvent or 
substrate (cyanamide) during the reaction (if the protein has cyanamide hydrates activity). 
The threonine residue has a weakly nucleophilic side chain and can function differently 
than glutamine that is an amide. T157Ddi2/3 is substituted to either valine or alanine in all 
candidates from bacteria, both of which have small hydrophobic side chains; therefore it 
will not have the same function as T157Ddi2/3. N161Ddi2/3 is changed to valine in all 
candidates from bacteria. As valine has a hydrophobic side chain, it cannot form a 
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hydrogen bond with solvent or substrate (cyanamide) as N161Ddi2/3. And the hydrogen 
bond between N161Ddi2/3 is critical in reaction cyanamide hydration to urea as described 
in the previous section, therefore this mutation in bacteria cyanamide hydratase make the 
protein unlikely to perform the enzymatic activities. 
Identified conserved residues among all protein candidates (Figure 5–2) residues 
shaded in red in also include R58Ddi2/3, D160Ddi2/3, G163Ddi2/3 and P202Ddi2/3. D160Ddi2/3 
forms a hydrogen bond with H55Ddi2/3; thus its conservation is likely helpful to maintain 
and stabilize the metal coordination. R58Ddi2/3 is involved in an α-helix and its side chain 
faces the opposite direction of metal ion sites, indicating that its long and charged side 
chain may be necessary to maintain the tertiary structure of protein. The G164Ddi2/3 and 
P202Ddi2/3 are at the surface of the tertiary structure of protein. P202Ddi2/3 is involved in 
forming hydrogen bonds with R8 in another Ddi2/3 molecule to maintain dimers, while 
G164Ddi2/3 is located at a loop between α-helix and a 3
10
 helix; thus the residue could be 
essential to maintain proper folding of the protein. 
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Figure 5–2. Sequence alignment of proteins containing cyanamide hydratase 
domain and predicted cyanamide hydratase in bacteria.  
 
Amino acid sequences of proteins were retrieved from the NCBI protein database. The 
source organism abbreviations are given in the left-hand column. In Group 1: Sc, 
S.cerevisiae; Mv, M. verrucaria; Fg, F. graminearum; An, A. nidulans; Ca, C. albicans; 
Ao, A. oryzae; Dh, D. hansenii; Ss, S. stipitis; Tr, T rubrum. In group 2: Lag, Labrenzia 
aggregate; Lal, Labrenzia alexandrii; Lalb, Labrenzia alba; Ro, Rhodococcus opacus; Ps, 
Pseudomonas sp. TAA207; Se, Streptococcus equi subsp. equi; Sa, Salinicoccus albus. 
Amino acid sequences of proteins were retrieved from the NCBI conserved domain 
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database. Sequence alignment was processed by ClustalW and illustrated by using 
ESPript 3.0, globe score was set as 0.8. Consensus residues are shaded in red. Only 
regions containing identical residues are displayed. HD residues coordinating zinc ion are 
pointed out by asterisks. H137Ddi2/3, Q138Ddi2/3, T157Ddi2/3 and N161Ddi2/3 are pointed out 
by blue solid circles.   
 
 
5.3. Future Research Directions 
5.3.1. Physiological Roles of Ddi2/3  
Why are the DDI2/3 genes kept in the yeast genome? Why two copies of DDI2/3 
are present in the genome? It is believed that a genome keeps these genes for a purpose, 
most likely for the survival of the species under conditions of chemical or oxidation stress. 
Our studies demonstrate that DDI2/3 encode a functional cyanamide hydratase 
that specifically catalyzes cyanamide hydration. The transcription of DDI2/3 is tightly 
regulated and activated by cyanamide. The observations suggest that the presence of 
DDI2/3 is to break down cyanamide to nutrient. However, cyanamide is synthesized by 
limited plants, and it is not commonly present in nature. In addition, the chemical has 
only mild toxicity to yeast, and the ddi2Δ ddi3Δ mutant yeast strain can survive in 5 mM 
cyanamide. Therefore it looks like a waste for the genome keeping two copies in the 
genome. It is possibly inherited from an ancestor soil fungus to survive from cyanamide-
synthesizing plants. However, only S. cerevisiae contains two identical copies of the gene. 
A. oryzae and A nidulans were identified to contain two copies of hypothesized 
cyanamide hydratase genes, but their sequences diverge from each other during evolution.  
Therefore it is hypothesized that Ddi2/3 has a second substrate that is more 
important in cell physiology; thus the yeast keeps two identical copies of DDI2/3. Further 
research would be to study the possible substrate of Ddi2/3. Constructed ddi2Δ ddi3Δ can 
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be exposed to a variety of conditions to observe any phenotypic change compared to wild 
type. This would be helpful to identify the physiological role(s) of DDI2/3. 
 
5.3.2. Transcription Induction Mechanism of DDI2/3 by Cyanamide and MMS 
As previously described, the transcriptional level of DDI2/3 is restricted, as it is 
almost undetectable under normal condition, but after treatment with cyanamide or MMS, 
the transcriptional level of DDI2/3 could be induced by over hundred-fold. This indicates 
that the transcription of DDI2/3 is under tight regulation. Unlike other identified DNA 
damage inducible genes, the transcriptional level of DDI2/3 is only induced by SN2-type 
alkylating agents and cyanamide. It indicates that the transcription regulation pathway is 
different from that of known DNA damage-inducible genes. 
MMS is known as a typical DNA methylating agent. It methylates nucleotides on 
DNA and free (d)NTPs, while cyanamide has not been identified to have any ability to 
damage DNA, and the two chemicals have no structural similarity or share any functional 
group. Therefore, it is wondered what is common between the two chemicals that induce 
the transcription level of DDI2/3. 
The first hypothesis was that excessive cyanamide could disturb (d)NTPs pool in the 
cell. It is reported that in prebiotic age, cyanamide was present in a rich amount in nature 
due to the environmental conditions (Schimpl et al., 1965; Steinman et al., 1964). 
Moreover, cyanamide could be used in pyrimidine synthesis under the prebiotic condition. 
Therefore, it is possible that excessive cyanamide disturbs the nucleotide synthesis in 
vivo and thus imbalance the (d)NTPs pool, which activates the transcription of DDI2/3 to 
break down cyanamide in cells. MMS could trigger the transcription of DDI2/3 in the 
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same way. MMS is reported to prefer methylating adenine and guanidine, which also 
cause an imbalance of (d)NTPs pool and thus induce the expression of DDI2/3. However, 
the Ddi2/3 protein has not been found to have any activity on MMS; indicating that 
induction of DDI2/3 could not help to reduce damage caused by MMS. Furthermore, the 
imbalance of (d)NTPs pool would activate a series of genes involved in (d)NTPs 
synthesis as a direct feedback, especially RNR genes which play critical roles in (d)NTPs 
synthesis. To repair DNA damage, cells needs extra (d)NTPs and thus usually cause 
disturbance of (d)NTPs pool in cells, which may explain why RNR3, a DNA damage-
inducible gene, responds to a wide range of DNA damaging agents, including MMS. 
However, cyanamide does not induce the expression of RNR3 at all, indicating that 
cyanamide is unlikely to damage (d)NTPs or DNA molecules.  
Another hypothesis is based on gene expression regulation by epigenetics. It is 
reported that MMS methylates histone, which could affect protein expression through 
epigenetic regulation. MMS treatment induced the phosphorylation of serine 1 (S1) of 
histone H4 in a casein kinase II (CK2)-dependent manner. It was found that this 
phosphorylation event was associated with MMS- or phleomycin-induced DSBs, but not 
with UV-induced DNA damage. It was proposed that histone H4 S1 was one of the 
physiological substrates of CK2 in regulating a DNA-damage response upon DSBs 
(Cheung et al., 2005).   
Cyanamide is used as a dormancy-break agent on plants. It was found that the 
treatment could up-regulate GDBRPK, a transcript for an SNF-like protein kinase in 
grapevine. Since SNF and SNF-like protein kinases are known as sensors of stress signals, 
it was hypothesized that GDBRPK is involved in the regulation of stress response after 
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cyanamide treatment (Or et al., 2000). A recent study on inhibition of cyanamide to the 
growth of root tips of maize (Zea mays) revealed that the cell cycle activity, 
endoreduplication intensity, and modifications of cyclins CycA2, CycD2, and histone H3 
gene expression were all affected by only 3 mM cyanamide treatment. Furthermore, 
prolonged cyanamide treatment induced oxidative stress in root cells, accompanied with 
an increased concentration of auxin and stimulated ethylene emission. It was proposed 
that inhibition of root growth by cyanamide may be a consequence of stress-induced 
morphogenic responses (Soltys et al., 2014). 
These studies indicate that both MMS and cyanamide affects histone modification 
and in turn activate the corresponding stress responses. It is reasonable to propose that the 
activation of transcription of DDI2/3 by both MMS and cyanamide is through a histone-
dependent pathway.  
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